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Understanding the ways in which fish use estuaries is crucial to develop effective inter-
realm management plans that take into account all components of these highly connected 
ecosystems. Fish assemblages of New Zealand estuaries are poorly studied, and knowledge 
of the life history of fish that commonly occur in estuaries remains limited. This thesis 
examined the distribution, occurrence and movement of fish in estuaries along the Otago 
coastline. The role of estuary-ocean connectivity on estuarine fish assemblage structures 
was investigated across seasons. Life histories of fish were explored by combining 
community ecology and otolith microanalysis approaches.  
Comparison of ichthyofaunal composition between 12 estuaries with varying degrees of 
connection to the marine environment showed marked variations in fish assemblage 
patterns. Fish species with marine affinity commonly occurred in the shallow littoral 
habitats of permanently open estuaries. Intermittently closed and open lakes or lagoons 
(ICOLLs) were found to be dominated by species with potential marine larval rearing but 
are also known to form landlocked populations. Forsterygion nigripenne, an endemic 
estuarine species that is generally assumed to have marine larval phase, occurred in almost 
all permanently open systems and in one ICOLL. Greater fish abundance was recorded in 
ICOLLs than in permanently open estuaries. Seasonal comparisons showed higher fish 
abundance in summer than winter. Salinity and temperature were best predictors of fish 
abundance in both estuary types.  
The distribution and occurrence of fish also varied between different sections of a 
permanently open estuary. A year-round sampling of fish in the Waikouaiti Estuary showed 
distinct seasonal and spatial differences in fish assemblages. Juveniles and adults of fish 
species with marine larval phase occurred more frequently in the upper reach of the 
estuary. F. nigripenne occurred in large numbers at different life stages in the middle reach 
of the Waikouaiti Estuary. Conversely, primarily marine species that use estuaries for short 
periods dominated the lower reach. Fish abundance was higher in the middle reach where 





species richness. Among all physicochemical variables, salinity and turbidity were best 
predictors of fish abundance in the Waikouaiti Estuary.  
The presence of F. nigripenne in large numbers at different life stages throughout the year 
in the middle section of the Waikouaiti Estuary raised the question as to whether this 
species actually has marine larval phase. Thus, otolith microchemistry was used to 
investigate how F. nigripenne uses estuaries. A laboratory experiment was conducted to 
understand the extent to which the chemistry of the ambient water affects the otolith 
elemental profile of F. nigripenne. Results of the experiment indicated a positive and direct 
relationship between the chemical composition of F. nigripenne otoliths and the ambient 
water. Otolith microchemistry of wild-caught F. nigripenne collected from two 
permanently open estuaries showed relatively consistent elemental profile spanning 
across the otolith without prominent peaks. The results indicate that F. nigripenne is 
primarily an estuarine-resident species that completes its entire life cycle within estuaries.  
The inter- and intra-estuarine fish assemblage structure patterns presented in this thesis 
may reflect the impacts of stressors (both global and local) and effects of management 
actions that has been implemented. Future deviations from findings of the present study, 
in terms of distribution and occurrence of fish in estuaries, may indicate changes in the 
freshwater-estuarine-marine continuum because of stressors and/or management actions 
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Chapter 1. General introduction 
1.1. Estuarine ecosystems 
Estuaries are among the most productive natural ecosystems in the world (Schelske and 
Odum 1962). Due to their transitional features, estuaries receive nutrients and organic 
carbon from river catchments and the marine environment (Cloern et al. 2014). Influxes of 
materials from several sources make estuaries significant ecosystems that provide a large 
proportion (17.3%, Costanza et al. 1997) of the global ecosystem services ranging from 
food production to cultural benefits (Barbier et al. 2011; Thrush et al. 2013). However, 
degradation of estuarine and coastal ecosystems has been on the rise due to human 
activities (Kennish 2001; Kappel 2005). Changes in precipitation patterns and temperature 
as the result of climate change will severely influence the normal functioning of estuarine 
ecosystems (Jenkins et al. 2011). This deterioration affects all components of estuaries and 
reduces the value of ecosystem services that estuaries provide to society globally. The 
functionally diverse organisms that estuaries support, including fish with economic, 
ecological and cultural importance to humans, are among the vital components that are 
heavily impacted by human activities (Kappel 2005; Chin et al. 2018).  
Understanding the functioning of biological communities in estuaries is important to set a 
reference of current or normal conditions so that deviations from baseline can be used to 
assess the impact of threats (Whitfield 2002; Barletta et al. 2017). Similarly, restoration 
efforts of impacted communities can benefit substantially from understanding of 
responses to the stressors (Zedler 2017). Preparation as well as implementation of efficient 
estuarine and/or coastal management plans also require information encompassing all 
elements of the ecosystem (Zedler 2017; Chin et al. 2018). This information may include 
identification, classification, structure and interaction of estuarine communities and the 
ways in which they use estuaries (Elliott et al. 2007).   
1.2. Types of estuaries 
Geomorphological, hydrological and physiographical attributes are often used to classify 





Edgar et al. 2000). Hume and Herdendorf (1988) classified New Zealand estuaries into five 
classes and 16 types for resource management purposes. However, implementing this 
classification scheme requires detailed information regarding morphometry, origin and 
tidal prism of estuaries. Thus, one physiographic feature, estuary-ocean connection status, 
was used as a criterion to categorize estuaries into two groups in this study. Estuaries with 
small coastal creeks, constricted mouth, reduced freshwater inflow and periodic 
connection to the marine environment were characterized as intermittently closed and 
open lakes or lagoons (ICOLL). Whereas those estuaries with larger catchment size, 
relatively higher freshwater input and uninterrupted connection with the marine 
environment are grouped as permanently open estuaries. The simplified estuary 
classification scheme used in the present study is analogous to the one employed by Lill et 
al. (2011a) to categorize estuaries along the Otago coastline.  
1.3. The ways in which fish use estuaries 
Fish use estuaries as migration routes, feeding grounds, nursery areas, shelters from 
predators and permanent habitats (Manderson et al. 2004; Able 2005; Tanaka et al. 2011; 
Stich et al. 2015). The ways in which fish use estuaries have been used to categorize fish 
communities into different estuarine use functional groups (Whitfield 1999; Elliott et al. 
2007; Potter et al. 2015). Several biological and ecological attributes, that influence the 
seasonal and spatial occurrence of species in estuaries, have been used to shed light on life 
histories of estuarine fish communities. Migration patterns, type of habitat occupied at a 
life stage and food preference are among the commonly used parameters to classify and 
understand estuarine utilization by fish (Elliott et al. 2007). Therefore, fish can be broadly 
classified as marine/freshwater-straggler, marine/freshwater-migrant, diadromous and 
estuarine-resident based on the pattern in which they use estuaries (Elliott et al. 2007).  
Based on the estuarine use functional group classification, a fish is considered as 
freshwater-straggler when a predominantly freshwater fish species utilizes limited sections 
of estuaries for short periods (Elliott et al. 2007). A primarily marine fish species that makes 
a brief stay in parts of estuaries is classified as marine-straggler. On the other hand, fish 





freshwater- and marine-migrant category based on the habitat from which they originate 
(Elliott et al. 2007). Diadromous individuals are the ones that migrate regularly between 
freshwater and marine environments through estuaries (McDowall 1997; Elliott et al. 
2007). Physiologically tolerant species that can complete their entire life cycle within 
estuaries are grouped as estuarine-residents (Elliott et al. 2007).  
1.4. Fish assemblage structure of estuaries 
The distribution and occurrence of fish in estuaries is a function of a range of biotic and 
abiotic factors (Whitfield 1999; Blaber 2008; Barletta et al. 2017). These factors interact 
with each other to influence fish distribution and abundance in estuaries. Hence, it is 
difficult to identify a single factor that can explain fish assemblage structures in estuaries. 
However, understanding the set of environmental conditions at which a particular species 
group occurs can be used to predict, to a certain degree, its distribution and the frequency 
of occurrence in estuaries (Blaber 2008). Although the set of factors that affect fish 
assemblage structures vary from estuary to estuary, they can be summarized as estuary-
catchment connectivity, estuary-ocean connectivity, season, physicochemical parameters 
and fish movement (Fig. 1.1). Estuary-catchment connectivity, estuary-ocean connectivity 
and season can indirectly affect fish abundance and distribution by influencing 
physicochemical parameters. In addition, fish movement (recruitment) from the 
freshwater and marine environments can be directly influenced by estuary-catchment and 
estuary-ocean connectivity, respectively. The seasonality of fish reproduction also affects 
fish recruitment directly. Salinity, temperature, turbidity, light, substrata, depth and flow 
are among the physicochemical variables that interact to influence estuarine use by a fish 
species (Whitfield 1999). Other factors, such as food availability, predation and physical 
structure of the estuary also play a key role in determining estuarine fish distribution 
(Blaber and Blaber 1980; Blaber 2008).  
Physicochemical variables play a key role in influencing fish assemblages of estuaries. For 
instance, interruptions along the freshwater-estuarine-marine continuum in ICOLLs 
influence their salinity and, in turn, the spatiotemporal occurrence of fish species (Bennett 





by flooding events can affect the distribution and occurrence of fish in estuaries. A 
decrease in fish catch was reported in the Gamtoos estuary, South Africa due to low salinity 
resulted as a consequence of flooding (Marais 1983). Mass fish mortality because of rapid 
decline in water level that followed berm breaching of an ICOLL due to flooding was also 
reported in the West Kleinemonde estuary, South Africa (Whitfield and Cowley 2018). This 




Fig. 1.1. Summary of factors that influence distribution and occurrence of fish in estuaries 
(modified from Blaber 1997). Solid and broken arrows indicate direct and indirect 






Salinity fluctuations in permanently open estuaries are influenced mostly by tides and 
follow a diel cycle (semi-diurnal in the southern hemisphere); ICOLLs, on the other hand, 
experience extreme changes in salinity and may shift from being primarily freshwater 
during mouth closure to saltwater on opening (Pollard 1994b; Harrison 2004). However, 
changes in salinity may occur in both estuary types in response to evaporation and 
increased freshwater input because of flooding. Although estuarine fish are tolerant to 
environmental fluctuations, each group of species occur in estuaries or parts of estuaries 
with a set of physicochemical conditions that are within their tolerance limits (Marshall 
2012; Zydlewski and Wilkie 2012). When the changes are beyond the species` physiological 
capacity, mortalities and mass fish kills may occur (Bennett 1985; Whitfield and Cowley 
2018). 
Consequently, occurrence of fish species varies between different estuary types (Bennett 
1989; Pollard 1994a). Primarily freshwater species become dominant in ICOLLs when 
salinity is low due to mouth closure (Bennett 1989). Contrastingly, fish species originating 
from the marine environment dominate ICOLLs when the mouth is open either because of 
increased river flow or tidal flushing (Bennett 1989). Overall, ICOLLs in the Otago coastline, 
New Zealand have low salinities (6.8 ± 8.8, mean ± S.D; Taddese et al. 2018) and higher 
chlorophyll-a as well as nutrients (Lill et al. 2013).  
It is known that the unique ichthyofauna of New Zealand comprises a large proportion of 
diadromous species (McDowall 2010a). As the result, the occurrence of diadromous 
species in New Zealand estuaries is high (McDowall 1995; Jellyman et al. 1997) and ICOLLs 
in the Otago coastline are dominated by diadromous individuals that are also known to 
form landlocked populations (McDowall 2010a; Taddese et al. 2018). See Fig. 1.2 for 
distribution and occurrence of fish in ICOLLs. However, there is a very limited literature on 






Fig. 1.2. Diagram showing dominant estuarine use functional groups in ICOLLs. The 
expected prevailing salinity ranges (oligohaline, 0.5 – 5; mesohaline, 5 – 18) on both ends 
of the estuary are described based on the Venice system (1958). Salinity zones may vary 
according to the mouth condition and/or rainfall. The mouth region where the berm would 
form during mouth closure is indicated by dotted lines.  
On the other hand, permanently open systems exhibit intra-estuarine environmental 
gradients with different salinity zones and distinct fish compositions because of the 
continuous mixing of freshwater and saltwater (Jellyman et al. 1997; Marshall and Elliott 
1998). Consequently, marine-migrants and marine-stragglers use the lower reaches where 
salinity is relatively higher (Nicolas et al. 2010b). Whereas primarily freshwater fish species 
including diadromous ones tend to dominate the oligohaline upper reaches (Selleslagh and 
Amara 2008). Marine-migrants and estuarine-residents may use the large extent of the 
estuary up to the mesohaline middle reach (Jaureguizar et al. 2003). In addition to changes 
in physicochemical conditions, the absence of physical barriers between estuarine and 
marine environments allows movement of fish between the two habitats. However, 
occurrence of fish species in estuaries is also influenced by seasonal fluctuation of 





See Fig. 1.3 for distribution of estuarine use functional groups in a typical permanently 
open estuary. 
Fig. 1.3. Diagram showing the dominant estuarine use functional groups along the 
freshwater-estuarine-marine continuum of a permanently open estuary. The expected 
prevailing salinity ranges on the upper (oligohaline, 0.5 – 5), middle (mesohaline, 5 – 18) 
and lower (polyhaline, 18 – 30) reaches are described based on the Venice system (1958). 
Salinity zones may show temporal variations.  
1.5. Otolith microchemistry to describe fish life history patterns  
Assigning a fish species to a specific estuarine use functional group requires detail 
information regarding its spatiotemporal occurrence and biological attributes (Elliott et al. 
2007). Habitat use at a life stage is one of the key biological attributes that provides an 
insight toward a species` life history. Different methodological approaches, including, 
tissue stable isotope analysis and acoustic telemetry can be employed to understand the 
life history of a fish species. However, the choice of a particular technique depends on as 
to what extent of the fish`s life history is required to be elucidated. The fast turnover of 






individuals spanning short time periods (Buchheister and Latour 2010). In addition, the use 
of acoustic telemetry is size restricted, and this prevents acquiring of life history 
information covering the entire life cycle of the fish (Miles et al. 2013). Whilst small 
electronic tags have become available recently (Kennedy et al. 2018), inserting them into 
small larvae is still not possible. Contrastingly, otolith microchemistry provides a great 
advantage over other techniques in understanding migration patterns and habitat use of 
individuals (Campana 1999; Elsdon et al. 2008).  
Otoliths are small acellular calcified structures composed of predominantly aragonitic 
calcium carbonate (CaCO3), and are found in the inner ear of bony fish (Green et al. 2009). 
Otoliths permanently record chemical signatures of the ambient environment to which the 
fish is exposed to in a time-resolved manner (Campana 1999). The other characteristic 
feature of otoliths is that they grow continuously through the fish`s entire life. Due to all 
these reasons, otolith microchemistry is advantageous over other methods to reconstruct 
the habitat use of individuals at all life stages. The use of otolith microchemistry to study 
fish life history is mostly based on the assumption that chemical changes in the 
environment to which the fish is exposed are related to otolith elemental accretion in a 
predictable manner (Elsdon et al. 2008). 
Movement of fish between freshwater and seawater habitats is often inferred when otolith 
chemistry reflects the differences in concentrations as well as molar ratios to calcium (Ca) 
of two trace elements; namely, strontium (Sr) and barium (Ba) (Campana 1999; Elsdon et 
al. 2008). Whilst Sr is more abundant in the marine environment where salinity is higher, 
availability of ligand-free Ba is high in freshwaters. Nevertheless, otolith elemental 
accretion is influenced by a range of factors in addition to ambient water chemistry - 
physiology, ontogeny, temperature, food and growth rate are among the factors that affect 
otolith chemical composition (de Pontual et al. 2003; Gillanders and Kingsford 2003; 
Walther and Thorrold 2006; Sturrock et al. 2015). Moreover, the continuous mixing of 
freshwater and saltwater in estuaries and the resultant changes in water chemistry 
complicates the use of otolith microchemistry in estuarine fish (Dorval et al. 2005a). 





otolith elemental composition in a controlled environment is of paramount importance to 
employ the technique and investigate the use of estuaries by fish. Once the extent to which 
otolith elemental incorporation reflects the ambient water chemistry is understood, the 
life history of fish that occur in estuaries can be inferred with reasonable confidence 
through otolith microchemistry. 
1.6. Thesis objectives 
The main objective of this thesis is to assess inter- and intra-estuarine spatiotemporal 
occurrence of fish species in estuaries along the Otago coastline, and understand the ways 
by which fish use estuaries.  
1.6.1. Specific objectives  
• Compare the fish assemblage structure of permanently open estuaries and 
ICOLLs along the Otago coastline, New Zealand. 
• Assess the spatiotemporal occurrences of fish species within a permanently 
open estuary. 
• Identify the physicochemical variables that influence inter- and intra-estuarine 
ichthyofaunal differences. 
• Investigate the nature of relationship between ambient water chemistry and 
otolith elemental composition of a fish species that commonly occurs in 
permanently open estuaries. 
• Elucidate the life history of a fish species that commonly occurs in permanently 
open estuaries using otolith microchemistry. 
1.7. Thesis structure 
This PhD research combined basic community ecology as well as methodological 
approaches to understand the ways in which fish use estuaries along the Otago coastline. 
This first chapter is a concise introduction that sets the context for the entire thesis. Four 
of the chapters (data chapters two to five) are prepared as stand-alone research 
manuscripts for submission to peer-reviewed journals. The first data chapter (Chapter two) 





for submission, and data chapter three (Chapter four) is published in Fisheries Research. 
The last data chapter (Chapter five) is in preparation for submission. Chapter six is prepared 
to briefly discuss the major findings and broader implications of this study. Titles of each 
chapter are listed in (Table 1.1).  
The publications from this thesis were produced under the supervision of my primary 
supervisor, Professor Gerry Closs. My co-supervisors, Dr Marc Schallenberg and Dr 
Malcolm Reid, provided enormous assistance and constructive criticism for three of the 
chapters. Therefore, Drs Reid and Schallenberg are co-authors of the publications 
produced from the chapters which they made contributions to. In addition, Matt Jarvis and 
Pavel Mikheev are co-authors of the publication produced from chapter two because of 






Table 1.1. List of thesis chapters and publication status  
Chapter Title 
One General introduction  
Two Ichthyofaunal assemblages in shallow littoral habitats of permanently open 
estuaries and intermittently closed and open lakes or lagoons in Otago, New 
Zealand 
Published as: Taddese, F., Schallenberg, M., Mikheev, P., Jarvis, M.G., and 
Closs, G.P. (2018) Marine and Freshwater Research 69(8), 1222–1230. Doi: 
10.1071/MF17334  
Three  Spatiotemporal ichthyofaunal dynamics in a permanently open estuary, 
Otago, New Zealand 
Four  Direct relationship between water and otolith chemistry in juvenile 
estuarine triplefin Forsterygion nigripenne 
Published as: Taddese, F., Reid, Malcolm R. and Closs, G.P. (2019) Fisheries 
Research (211), Doi: 10.1016/j.fishres.2018.11.002 
Five  Otolith chemistry of estuarine triplefin Forsterygion nigripenne indicated 
estuarine residency 














Chapter 2. Ichthyofaunal assemblages in shallow littoral habitats of permanently open 




Fish assemblages of New Zealand estuaries are poorly studied, and knowledge of the 
effects of estuary-ocean connections on the ichthyofaunal composition of estuaries 
remains limited. Understanding the status of fish composition of estuaries is crucial for 
planning for sustainable management of aquatic ecosystems. In the present study I 
sampled fish using a seine net from lower reaches of six permanently open estuaries and 
six intermittently closed and open lakes or lagoons (ICOLLs) along the Otago coastline 
during winter 2016 and summer 2017. Marked differences in ichthyofaunal composition 
were observed in the shallow littoral habitats of permanently open estuaries and ICOLLs. 
Fish assemblages reflected estuary-ocean connection status of estuaries during both 
seasons. ICOLLs showed greater fish abundance than permanently open systems. Fish 
abundance was higher in summer than in winter in both estuary types. Fish species with 
marine-migrant and estuarine-migrant life histories dominated permanently open 
estuaries. Conversely, species with a diadromous life history but are known to form 
landlocked populations were abundant in ICOLLs. Salinity and temperature were 





2.2. Introduction  
Estuarine mouth condition affects physicochemical parameters, such as salinity, 
temperature and nutrients (Kok and Whitfield 1986; Snow and Taljaard 2007; Lill et al. 
2013). Mixing of freshwater inflow and saltwater inputs from the ocean drives the salinity 
of permanently open estuaries (Pollard 1994b; Harrison 2004). Unlike permanently open 
estuaries, intermittently closed and open lakes or lagoons (ICOLLs) shift from having lower 
salinities prior to opening to the sea to seawater salinity prior to mouth closure (Pollard 
1994b). Freshwater discharge, seepage through the sand bar, evaporation and direct 
precipitation affect salinities in ICOLLs, particularly during times of mouth closure (Day 
1981). In estuaries with a permanent connection to the ocean, the prevailing seawater 
temperature influences water temperature in addition to seasonal variation (Snow and 
Taljaard 2007). ICOLLs in New Zealand are reported to have higher chlorophyll a and 
nutrients (nitrogen and phosphorus) than permanently open estuaries due to reduced tidal 
flushing and sediment scour (Lill et al. 2013).  
Fluctuation in physicochemical parameters as a result of estuarine mouth condition plays 
a key role in structuring fish assemblages (Whitfield 1980b; Hodgkin and Hesp 1998; 
Harrison and Whitfield 2006a) and hyperbenthic communities (Lill et al. 2011a) of 
estuaries. When the mouth of an ICOLL opens, salinity regimes become similar to the 
seawater conditions, allowing the number of marine fishes to increase (Griffiths 2001). 
Salinity of ICOLLs tends to decrease after mouth closure once marine inflows cease, and 
freshwater increasingly dilutes the remaining seawater (Schallenberg et al. 2010). As a 
result, the physicochemical conditions become increasingly conducive for freshwater fish 
species. In addition, the estuary-ocean connection status directly affects fish recruitment 
dynamics from the ocean by blocking or allowing fish movement between the two habitats. 
In permanently open estuaries where estuary-ocean connectivity is uninterrupted, there is 
no physical barrier that restricts fish recruitment from the marine environment. In 
contrast, in ICOLLs, fish recruitment from the ocean is often impaired by the formation of 
a sand bar at the mouth. Therefore, although fish species associated with the marine 





complete their life cycle within estuaries dominate ICOLLs (Bennett 1989; Hoeksema et al. 
2009). The number of larger individuals increases during times of mouth closure in ICOLLs 
because of obstruction of recruitment of juveniles from the ocean and growth of resident 
individuals (Kok and Whitfield 1986).  
Fish species with an ability to tolerate sudden changes in salinity dominate assemblages of 
these systems due to the unpredictable physicochemical variation that occurs in ICOLLs. 
Physicochemical conditions in permanently open estuaries are relatively predictable 
(excluding the occasional impact of heavy rainfall events), and temporal fish assemblage 
dynamics in these systems is predominantly driven by seasonal flow variations and factors 
that control fish spawning times (Potter et al. 1986). ICOLLs exhibit lower species richness 
than permanently open estuaries (Whitfield and Kok 1992; Vorwerk et al. 2003; Harrison 
and Whitfield 2006a). Restricted fish movement between estuaries and the marine 
environment because of mouth closure contributes to the lower species richness in ICOLLs 
(Bennett 1989; Vorwerk et al. 2003).  
Estuarine fish assemblages, in general, also exhibit temporal variation in population 
dynamics because of seasonal changes in physical and chemical conditions. Most fish 
reproduce when the environment is conducive for the survival of young. Increased food 
abundance in summer often coincides with peak fish larvae abundance (Shuai et al. 2016). 
In addition, reduced food availability in winter due to low primary productivity is known to 
affect fish populations (Steingrund and Gaard 2005). Consequently, fish abundance is high 
in summer because of temperature dependent reproduction and increased food 
availability (Potter et al. 1986; Desmond et al. 2002). 
New Zealand has more than 400 estuaries (Kettles and Bell 2013), and many of these lie 
along the Otago coastline. However, climate change and other anthropogenic factors pose 
a range of threats to New Zealand estuaries (Kettles and Bell 2013). Climate change driven 
events, including sea level rise, increased flooding and higher temperatures, will have 
strong and unpredictable effects on New Zealand estuaries and the fish species they 
support (Jenkins et al. 2011). It is, therefore, imperative to understand the present status 





minimize the effects of threats facing estuaries. Thus, the aim of the present study was to 
compare fish assemblages of shallow littoral habitats of six permanently open estuaries 
and six ICOLLs lying on the coast of Otago at two seasonal times.  
I hypothesised that although fish species associated with the marine environment will 
dominate permanently open estuaries, species that complete their life cycle in estuaries 
will be abundant in ICOLLs. Moreover, lower species richness is expected to occur in ICOLLs 
compared with permanently open systems, where because of uninterrupted recruitment 
species composition is greater. Because temperature is low and food availability is limited 
in winter, I hypothesised that winter will show lower fish abundance than summer in both 
permanently open systems and ICOLLs.  
2.3. Materials and methods 
2.3.1. Study sites  
A stratified sampling design was used to choose representative study sites from each 
estuary type. Two seasonal sampling occasions (winter and summer) were selected to 
capture the broad temporal variations. Fish were sampled in winter 2016 and summer 
2017 from 12 estuaries stretched along the coast of Otago (South Island, New Zealand; Fig. 
2.1): Kakanui Estuary (KK), Waianakarua River (WN), Kurunui Creek (KU), Shag River (SH), 
Pleasant River (PL), Waikouaiti Estuary (WK), Blueskin Bay (BS), Kaikorai Lagoon (KA), 
Taylors Creek (TY), Otokia Creek (OT), Tokomairiro Estuary (TK) and Sawmill Creek (SW). 
Although six of the estuaries sampled (WN, KU, KA, TY, OT and SW) are known to be closed 
















The opening and closing events of ICOLLs in Otago are not as strongly dependent on 
seasonal variation as are some other ICOLLs elsewhere in the world. A combination of more 
consistent rainfall across seasons and reduced summer evaporation in Otago means that 
Otago ICOLLs are more likely to remain open during winter (Lill et al. 2013). The ICOLLs 
sampled in the present study were characterized by having relatively low freshwater inflow 
and narrower mouths than permanently open systems (Table 2.1). Conversely, 
permanently open estuaries have larger catchment size and higher salinity than ICOLLs (Lill 
et al. 2013). Even though most of the ICOLLs were open during both sampling times, the 
estuary-ocean connection was restricted, with very shallow mouths (less than ~10 cm) and 
limited tidal influence. Among all ICOLLs sampled in the present study, only the mouth of 
TY was closed during the summer 2017 sampling.  
2.3.2. Sampling methods 
A preliminary assessment was made to choose a sampling gear that worked best for all the 
sites selected. Because most of the sites sampled in the present study become very shallow 
at low tide, deploying fyke nets was found to be impractical. Therefore, a seine net (14 × 1 
m (L × H); 10 mm mesh size) was hauled covering an area of ~200 m2. Lack of accessible, 
gently sloping smooth shorelines limited sampling to three seine hauls per site, with each 
drag 5 m apart. The lower reaches of ICOLLs sampled in the present study are very narrow 
(less than ~50 m), with the exception of the KA. Therefore, sampling in these systems was 
restricted to sampling relatively shallow littoral areas with a small seine net. More 
extensive shallow habitat was present in the larger permanently open estuaries, but to 
maintain consistency of sampling across all systems, I used the same sampling equipment 
and protocol across all systems. Only accessible shallow littoral lower sections of estuaries 
where tidal seawater exchange occurs were sampled in both estuary categories, except the 
SH where the middle section of the estuary was sampled due to difficult and limited access 
to the lower reaches. All samples were collected at slack-water following low tide. Samples 
were collected during winter (July–August) 2016 and summer (January–February) 2017. 
After each sampling, fish caught by the seine net were sorted, identified, counted and 





estuarine water until all three hauls were completed. Only individuals that were difficult to 
identify to species level on site were killed by overdosing with AQUI-S 20E (AQUI-S New 
Zealand, Lower Hutt, New Zealand), and preserved in ethanol for laboratory identification. 
To maintain consistency of sampling effort and habitat, the focus of the present study was 
necessarily restricted to the fish communities of shallow littoral habitats of permanently 
open estuaries and ICOLLs in Otago. During each sampling, salinity, dissolved oxygen and 
temperature were measured from surface water using a YSI Professional Plus multiprobe 
(YSI, Yellow Springs, OH, USA), with sampling being restricted to relatively shallow, well-
mixed habitats, throughout the study. 
Table 2.1. Area of estuaries estimated from satellite imagery. ICOLL, intermittently closed 
and open lake or lagoon 
Site Area (km2) Estuary type 
Kakanui Estuary 0.20 Permanently open 
Waianakarua River 0.05 ICOLL 
Kurunui Creek 0.01 ICOLL 
Shag River 0.98 Permanently open 
Pleasant River 1.08 Permanently open 
Waikouaiti Estuary 1.41 Permanently open 
Blueskin Bay 6.72 Permanently open 
Kaikorai Lagoon 0.51 ICOLL 
Taylors Creek 0.01 ICOLL 
Otokia Creek 0.04 ICOLL 
Sawmill Creek 0.02 ICOLL 
Tokomairiro Estuary 0.65 Permanently open 
 
Turbidity was measured using a Hach 2100Qis portable turbidity meter (Hach, Loveland, 
CO, USA). A portable pH probe (Model IQ140, IQ Scientific Instruments, Carlsbad, CA, USA) 
was used to measure pH. This study was conducted under the University of Otago Animal 





2.3.3. Statistical analysis  
Univariate statistical analyses were used to analyse the effects of estuary type 
(permanently open and ICOLL), season (winter and summer) and interaction (estuary type 
× season) on fish abundance, richness and physicochemical parameters using SPSS version 
20 (SPSS IBM Corp., Armonk, NY, USA). The effects of estuary type, season and estuary type 
× season on fish abundance were analysed using a general linear model (GLM) where fish 
abundance was transformed (log(x + 1)) for normality. A GLM (distribution: Poisson; link: 
identity) was used to examine the effect of estuary type and season on species richness. 
The effects of estuary type and season on physicochemical variables were also analysed 
using a GLM (distribution: Poisson; link: log). 
The data were also subjected to multivariate statistical analyses using the Primer 7 
multivariate statistical package (PRIMER-E, Quest Research Limited, Auckland, NZ). Non-
metric multidimensional scaling (nMDS) was performed using the Bray-Curtis similarity 
matrix constructed from ‘presence or absence’ transformed biological data. For the reason 
that certain species were absent from some samples while highly abundant in others, the 
presence or absence transformation was chosen to down-weight the importance of highly 
abundant species and include the role of rarest species. A cluster analysis was performed 
to cross-check sample groupings on the nMDS ordination plot. A similarity profile test 
(SIMPROF; Clarke et al. 2008) was used to identify significant sample groupings by 
overlaying statistically different SIMPROF clusters on the nMDS plot. Permutational 
multivariate analysis of variance (PERMANOVA) was applied to the biological data using 
estuary type and season as predictor variables and estuary type × season as an interaction 
term. To identify the species responsible for significant differences between estuary types 
and seasons, a similarity percentage (SIMPER) analysis was used. 
The effect of physicochemical variables (square-root transformed) on the presence or 
absence of fish were examined by distance-based linear modelling (DistLM) analysis using 
PRIMER. The DistLM was run using a step-wise search with an Akaike’s information 
criterion corrected for small sample size (AICc) selection criterion. The outputs of the 





2.4. Results  
2.4.1. Fish assemblage 
Ten species and 3478 individuals were collected during the study (Table 2.2. and 2.3.). 
However, Gobiomorphus cotidianus (common bully) comprised 72% of the total catch. 
Among the total catch 80.4% was from ICOLLs and 19.6% was from permanently open 
systems (Table 2.2. and 2.3). Seasonal differences were substantial; 85% of fish were 
caught in summer (Fig. 2.2). Univariate analysis revealed significant fish abundance 
differences between estuary types and seasons, but there was no significant interaction 
(Table 2.4). There was no significant difference in species richness by estuary type or 
season (Table 2.4.). Significant differences in fish species presence and absence were 
observed between estuary types (Table 2.5). Similarly, multivariate analyses revealed 
significant differences in fish species presence and absence between seasons (Table 2.5). 
However, there was no interaction between estuary type and season on fish species 
presence and absence (Table 2.5).  
The nMDS plot with superimposed SIMPROF results showed four statistically different 
distinct groups (Fig. 2.3). Groups were separated according to season and/or estuary 
category with some overlap (Fig. 2.4). The groups on the left side and bottom of the nMDS 
plot contain samples predominantly collected from ICOLLs in winter and summer, 
respectively. Samples collected mostly from permanently open estuaries in summer are 
grouped on the top section of the plot. Owing to the presence of one common species, 
namely G. cotidianus, in one permanently open estuary (WK) and four ICOLLs (KU, WN, KA 
and TY) in winter, six samples overlap on the left side of the nMDS plot (Fig. 2.3). 
Conversely, two samples from permanently open estuaries (TK and BS) overlapped due to 







Table 2.2. Number of fish caught in permanently open estuaries per season 
W, winter; S, summer; D, diadromous; MM, marine-migrant; MS, marine-straggler; E, estuarine-migrant; KK, Kakanui Estuary; PL, Pleasant River; 
SH, Shag River; TK, Tokomairiro Estuary; WK, Waikouaiti Estuary; BS, Blueskin Bay 
 
Scientific name Common name Life 
history 
KK SH PL WK BS TK  
Total W S W S W S W S W S W S 
Gobiomorphus cotidianus Common bully D 8 6 17 0 0 0 1 0 0 0 0 0 32 
Rhombosolea retiaria Black flounder D 0 4 0 0 0 1 0 0 0 0 0 0 5 
Retropinna retropinna Common smelt D 0 0 0 0 0 4 0 2 31 0 0 1 38 
Galaxias maculatus Inanga D 0 0 0 45 0 0 0 0 0 0 0 0 45 
Rhombosolea plebeia Sand flounder MS 2 0 0 0 0 0 0 0 0 0  0 2 
Leptoscopus macropygus Estuary stargazer MS 0 0 0 0 0 0 0 0 0 0 0 1 1 
Forsterygion nigripenne Estuarine triplefin E 4 154 0 18 0 104 0 15 0 0 0 1 296 
Galaxiid sp. Whitebait D 2 0 9 0 0 0 0 0 0 0 0 0 11 
Aldrichetta forsteri Yellow-eye mullet MM 0 30 0 0 0 7 0 0 4 207 2 0 250 
Notothenia angustata Maori chief MS 0 0 0 0 0 0 0 0 0 0 0 2 2 
Total abundance 
  
16 194 26 63 0 116 1 17 35 207 2 5  
Total species Richness 
  








Table 2.3. Number of fish caught in intermittently closed and open lakes or lagoons per season 
W, winter; S, summer; D, diadromous; MM, marine-migrant; MS, marine-straggler; E, estuarine-migrant; KU, Kurunui Creek; WN, Waianakarua 
River; KA, Kaikorai Lagoon; TY, Taylors Creek; OT, Otokia Creek; SW, Sawmill Creek 
 
Scientific name Common name Life 
history 
WN KU KA TY OT SW  
W S W S W S W S W S W S Total 
Gobiomorphus cotidianus Common bully D 5 48 123 15 218 950 25 575 14 468 54 0 2495 
Rhombosolea retiaria Black flounder D 0 0 0 0 0 0 0 1 1 12 2 12 28 
Retropinna retropinna Common smelt D 0 0 0 27 0 0 0 0 0 7 0 3 37 
Galaxias maculatus Inanga D 0 0 0 173 0 8 0 46 0 0 0 0 227 
Forsterygion nigripenne Estuarine triplefin E 0 0 0 0 0 8 0 0 0 0 0 0 8 
Galaxiid sp. Whitebait D 0 0 0 0 0 0 0 0 1 0 0 0 1 
Total abundance 
  
5 48 123 215 218 966 25 622 16 487 56 15  
Total species Richness 
  







The top five species that explained the significant difference between permanently open 
estuaries and ICOLLs were revealed by SIMPER analysis; G. cotidianus, A. Forsterygion 
nigripenne (estuarine triplefin), Rhombosolea retiaria (black flounder) and Retropinna 
retropinna (common smelt) accounted for 68.3% of the dissimilarity between the two 
estuary types. R. retropinna, R. retaria, F. nigripenne, G cotidianus and Galaxias maculatus 
(inanga) accounted for the significant difference between seasons (Table 2.6). Collectively, 
these species accounted for 61.9% of the difference between winter and summer seasons 
in both estuary types (Table 2.7). 
 
Fig. 2.2. Fish abundance in permanently open estuaries (POPEN) and intermittently closed 
and open lakes or lagoons (ICOLLs). Box plots show the number of fish per seine net haul 
during winter and summer. The boxes show the interquartile range, with the median value 





Table 2.4. Effects of estuary type, season and their interaction on fish abundance and 
species richness. E, estuary; S, season 
 
df Fish abundance Species richness 
F P – value X2 P – value 
E 1 5.9 0.025 0.125 0.724 
S 1 9.3 0.006 1.5 0.221 





Table 2.5. Summary of permutational multivariate analysis of variance (PERMANOVA) 
results. The PERMANOVA was based on a Bray-Curtis similarity matrix of presence or 
absence transformed abundance data. E, estuary; S, season; SS, sum of squares; MS, mean 
square; Perm, permutations 
Source df SS MS Pseudo-F P(perm) 
Unique 
perms 
E 1 13479 13479 7.2751 0.001 998 
S 1 9597.3 9597.3 5.18 0.004 999 
E × S 1 191.4 191.4 0.10331 0.901 999 
Residual 19 35202 1852.8 
   
Total 22 59139 








2.4.2. Physicochemical variables 
Significant differences in salinity were observed between seasons and estuary types (Table 
2.8; Fig. 2.5–a), but there was no interaction. Salinity in the SH was relatively lower than in 
other permanently open estuaries, whereas OT and SW had relatively higher salinity 
among the ICOLLs. Temperature differed between seasons; temperatures were lower in 
winter than in summer (Table 2.8; Fig. 2.5–b). Turbidity varied between seasons, whereby 
relatively high turbidity occurred during winter (Fig. 2.5–c). However, turbidity values did 
not vary between estuary types, but a significant interaction between estuary types and 
season was observed (Table 2.8). Dissolved oxygen and pH did not differ between estuary 
types or seasons, but there was a significant interaction for dissolved oxygen (Table 2.8; 
Fig. 2.5–d and e).  
2.4.3. Physicochemical variables and fish assemblage 
Step-wise DistLM analysis selected salinity and temperature as the key physicochemical 
variables associated with the presence or absence of fish species (AICc = 177.67; R2 = 0.35; 
number of variables = 2; Table 2.9). Collectively, these two physicochemical variables 
described 35.8% of variation in the data (Table 2.9). The dbRDA ordination plot showed 
that assemblages were clearly separated by season and estuary type (Fig. 2.6). The first 
two dbRDA axes explained 100% of the relationship between fish assemblages and 
measured physicochemical variables (salinity and temperature) and 35.8% of variability in 
the dataset. The first dbRDA axis was strongly related to salinity (estuary type), whereas 







Fig. 2.3. Ordination by non-metric multidimensional scaling (nMDS) of samples based on 
Bray-Curtis similarities calculated from presence or absence transformed biological data. 
Symbols are labelled to highlight differences among estuary types (POPEN, permanently 
open estuary; ICOLL, intermittently closed and open lakes or lagoons) and seasons (winter, 
summer). Each circle represents a significantly different group as identified by the similarity 
profile (SIMPROF) test (see Fig. 2.4). Samples are labelled by estuary name and season: 
KKW, Kakanui–winter; KKS, Kakanui–summer; KUW, Kurunui–winter; KUS, Kurunui–
summer;WNW, Waianakarua–winter; WNS, Waianakarua–summer; PLS, Pleasant–
summer; SHW, Shag–winter; SHS, Shag–summer; KAW, Kaikorai–winter; KAS, Kaikorai–
summer; TYW, Taylors–winter; TYS, Taylors–summer; OTS, Otokia–winter; OTS, Otokia–
summer; SAW, Sawmill–winter; SAS, Sawmill–summer; TKW, Tokomairiro–winter; TKS, 
Tokomairiro–summer; WKW, Waikouaiti–winter; WKS, Waikouaiti–summer; BSW, 
Blueskin Bay–winter; BSS, Blueskin Bay–summer. Six samples (KUW, WNW, WNS, KAW, 
TYW and WKW) on the left and two samples (TKW and BSS) on the right side of the plot 





Table 2.6. Summary of similarity percentage analysis (SIMPER). Differences in average 
abundances (i.e. number of individuals of a species per seine haul) of species that 
contributed to the dissimilarities between permanently open estuaries (POPEN) and 
ICOLLs. Differences between reaches are indicated in < and > signs. A cut-off value of 70% 
contribution to dissimilarity was used.  
Species POPEN  ICOLL  
Gobiomorphus cotidianus 0.36 < 0.92 
Aldrichetta forsteri 0.45 > 0.00 
Forsterygion nigripenne 0.55 > 0.08 
Rhombosolea retiaria 0.18 < 0.42 
Retropinna retropinna 0.36 > 0.25 
 
Table 2.7. Summary of similarity percentage analysis (SIMPER). Differences in average 
abundances (i.e. number of individuals of a species per seine haul) of species that 
contributed to the dissimilarities between summer and winter seasons in both estuary 
types. Differences between seasons are indicated in < and > signs. A cut-off value of 70% 
contribution to dissimilarity was used.  
Species Winter  Summer 
Retropinna retropinna 0.09 < 0.50 
Rhombosolea retiaria 0.18 < 0.42 
Forsterygion nigripenne 0.09 < 0.50 
Gobiomorphus cotidianus 0.82 > 0.50 








2.5.1. Fish assemblage patterns 
The results of the present study indicate that the fish assemblages of shallow littoral 
habitats of permanently open estuaries were distinct from those in ICOLLs. Fish abundance 
in shallow littoral habitats was much higher in ICOLLs than in permanently open estuaries. 
In terms of season, fish species richness and abundance were higher in summer than in 
winter in both estuary types. However, there was no significant difference in species 
richness between permanently open estuaries and ICOLLs. To my knowledge the present 
study is the first to compare ichthyofaunal assemblages of permanently open estuaries and 
ICOLLs in New Zealand.  
The number of fish species caught in the present study was low compared with similar 
studies in South Africa and Australia, where ICOLLs and permanently open estuaries are 
also common (Bennett 1989; Hoeksema et al. 2009; O'Mara et al. 2016). This is partly a 
reflection of the generally low fish diversity of New Zealand aquatic systems. The selective 
nature of the small seine net  and the limited habitats sampled further limited the number 
of species caught. Jellyman et al. (1997) reported 20 species from four different sections 
of the lower Kakanui Estuary through intensive seasonal sampling using seine and fyke 
nets. However, the seine net is the recommended method for fish species and diversity 
studies in tidal mudflats (Morrison et al. 2002), and was the only practical option for 







Table 2.8. Effects of estuary type, season and their interaction on physicochemical variables. 
E, estuary; S, season; DO, dissolved oxygen; NTU, nephelometric turbidity units 
   Salinity  Temperature (0C) DO (mg L-1) Turbidity (NTU) pH 
 d.f. X2 P – value X2 P – value X2 P – value X2 P – value X2 P – value 
E 1 29.756 0.0001 0.048 0.826 1.1986 0.159 0.235 0.628 0.258 0.612 
S 1 7.132 0.008 13.496 0.0001 3.404 0.65 9.521 0.002 0.375 0.541 





The relatively high fish abundance in ICOLLs in the present study could be a reflection of 
the productivity of these systems. Most of the ICOLLs sampled in the present study were 
previously found to have higher chlorophyll a than permanently open estuaries (Lill et al. 
2013). Thus, the higher fish abundance in ICOLLs observed in this study is in agreement 
with the higher productivity of these systems reported previously by Lill et al. (2013). In 
addition, fish abundance was higher in summer than in winter. Seasonal variations in fish 
abundance are related to rhythmic events that influence fish spawning times (Potter et al. 
1986) and temperature (Shi et al. 2014). Marine-stragglers and marine-migrants avoid 
harsh estuarine environments in winter and stay in the warmer ocean water (Bennett 
1989). Common bully dominated the total catch in the present study, and this species is 
known to spawn from spring to autumn (Stephens 1982; McDowall 1995).  
Common bully contributed > 70% of the total catch from both estuary categories and was 
recorded from all ICOLLs and 50% of permanently open systems. The high abundance of 
common bullies in ICOLLs is likely due to the fact that the extensive and stable pelagic 
habitats of these systems create an environment conducive for larval development and 
completion of its life cycle within these systems (Closs et al. 2003). Common bully is known 
to readily form landlocked self-sustaining populations in systems where there is no direct 
estuary-ocean  connectivity (McDowall 2010a). Lower predation, because of the absence 
of larger piscivorous fish species associated with the ocean, may have also contributed to 
the increased prevalence of common bullies in ICOLLs. Common bullies recorded in 
permanently open estuaries (KK, SH and WK) likely represent partly-diadromous 
populations formed as a result of the existence of uninterrupted estuary-ocean 
connectivity (see Closs et al. 2003). The occurrence of common bully in all ICOLLs and one 










Fig 2.4. Dendrogram derived by hierarchical clustering with group-average linkage from Bray-Curtis similarities calculated from fish species 








Fig. 2.5. Physicochemical parameters of estuaries. Columns indicate measurements taken 
once in each season. (a) Salinity, (b) temperature, (c) turbidity, (d) dissolved oxygen (DO) 
and (e) pH. KK, Kakanui Estuary; KU, Kurunui Creek; WN, Waianakarua River; PL, Pleasant 
River; SH, Shag River; KA, Kaikorai Lagoon; TY, Taylors Creek; OT, Otokia Creek; SW, Sawmill 
Creek; TK, Tokomairiro Estuary; WK, Waikouaiti Estuary; BS, Blueskin Bay; POPEN, 
permanently open estuaries (solid lines); ICOLLs, intermittently closed and open lakes or 









The frequent occurrence of yellow-eye mullet, estuarine triplefin and common smelt in 
permanently open systems relative to ICOLLs, and the presence of relatively larger number 
of common bully and black flounder in ICOLLS, caused the 68.25% dissimilarity between 
assemblages of the two estuary categories. This is likely due to the uninterrupted estuary-
ocean connection in permanently open systems creating a conducive physicochemical 
environment for the recruitment of fish species that move between estuaries and the 
marine environment. However, in ICOLLs, the restricted freshwater flow, minimum tidal 
influence and shallow estuary mouth favoured fish species with the ability to use resources 
available in ICOLLs, including at the time of mouth closure. In the present study, there was 
a higher presence of black flounder in two ICOLLs (OT and SW). The observed relatively 
higher salinity and presence of black flounder may indicate that these two estuaries had 
been open to the ocean in the recent past. Black flounder adults are believed to migrate to 
marine habitats to spawn (McDowall 1995), thus raising interesting questions as to how a 
large number of juveniles enter ICOLLs given that these systems are often only open for 
limited periods of time, and often with only limited exchange of water. The high abundance 
of black flounder in OT and SW suggests that either juvenile migrations must have a highly 
opportunistic element that takes advantage of unpredictable opening events including 
marine overwash (see Cowley et al. 2001), or alternatively raises the possibility of larval 
and juvenile rearing within the estuary.  
 
Table 2.9. Output from distance-based linear model (DistLM) analysis showing the effects 
of physicochemical variables on the presence or absence of fish species caught in each 
estuary type 
Variable R2 F – ratio P – value 
Salinity  0.261 7.4 0.001 
Temperature (0C) 0.097 3.0 0.03 





2.5.2. Physicochemical variables 
In the present study, ICOLLs showed relatively lower salinity than permanently open 
systems. Intermittently closed and open lakes or lagoons are known to show marked 
decrease in salinity during times of mouth closure (Pollard 1994b; Young et al. 1997; 
Schallenberg et al. 2010). Thus, the limited estuary-ocean connection and minimum tidal 
influence contributed to the relatively lower salinity observed in ICOLLs sampled in the 
present study. Among the permanently open estuaries, relatively lower salinity was 
observed in SH because measurements were taken from the middle section of the estuary. 
The higher salinity observed in OT and SW can indicate that these systems were fully 
connected to the ocean in the days before sampling. Furthermore, winter saw lower 
salinity than summer in both estuary categories. The partially open state of ICOLLs during 
sampling characterised by very shallow mouths with limited freshwater inflow and 
minimum tidal influence contributes to the low salinity recorded in these systems. The 
higher salinity observed in permanently open estuaries was due to regular saltwater inputs 
as the result of constant estuary-ocean connection in these systems. Low salinity and 
relatively higher turbidity levels recorded during winter in both estuary categories may be 










Fig. 2.6. Distance-based redundancy analysis (dbRDA) ordination plot displays the relationship between physicochemical parameters that best 






2.5.3. Physicochemical variables and fish assemblage 
As revealed by DistLM analysis, salinity and temperature were significant predictors of fish 
species presence or absence. Relatively low salinity conditions in ICOLLs created an 
environment conducive for common bully and black flounder, species that are commonly 
assumed to have diadromous life history (McDowall 2010b). The strong tidal influence and 
high salinity water of permanently open estuaries favoured species with marine affinity 
(yellow-eye mullet) and estuarine-migrants (estuarine triplefin). Yellow-eye mullet spawn 
at sea and often enter estuaries in large numbers as juveniles (Elliott et al. 2007), and 
estuarine triplefins are known to have a pelagic larval life (Kohn and Clements 2011). In 
addition to physicochemical variations, recruitment differences as the result of estuary-
ocean connectivity might have contributed to the distinct fish assemblage patterns 
observed between permanently open systems and ICOLLs.  
In conclusion, distinct fish assemblage patterns in shallow littoral habitats driven by 
estuary-ocean connectivity and season were observed. The results of the present study 
highlight the important role of estuary-ocean connection in affecting fish assemblage of 
estuaries along the Otago coastline. The findings of the present study can contribute to the 
development of management plans that aim to mitigate the effects of climate change and 
maintain the habitat function that estuaries provide to the unique ichthyofauna of New 
Zealand. However, further research through intensive sampling at multiple sites using 
several sampling gears will clarify our understanding regarding the extent to which 
connection status to the ocean affects ichthyofaunal composition of estuaries. 
Furthermore, reconstructing the life history of fish using otolith microchemistry and other 
methodological approaches (e.g. tissue stable isotopes; Melville and Connolly 2003) will be 
of paramount importance in elucidating the effect of estuary-ocean connection on use of 






Chapter 3. Spatiotemporal ichthyofaunal dynamics in a permanently open estuary, 
Otago, New Zealand 
 
3.1. Abstract  
Understanding the spatial and temporal dynamics of the fish assemblage structure of 
estuaries is indispensable in conservation and habitat improvement efforts. This study 
reports seasonal as well as spatial dynamics of fish diversity of the Waikouaiti Estuary and 
indicates the key physicochemical variables that influence the ichthyofauna of the estuary. 
Fish were collected from upper, middle and lower reaches of the Waikouaiti Estuary 
monthly for one year using a seine net. Fifteen species and 4967 individuals were collected 
during the study period. Distinct differences in ichthyofaunal composition, driven by 
spatiotemporal environmental heterogeneity, were observed between the three reaches 
of the Waikouaiti Estuary. Fish abundance was higher in the middle reach where the water 
is turbid. While fish species with diadromous life history occurred more frequently in the 
upper reach of the estuary, marine-migrants and marine-stragglers were abundant in the 
lower reach. The present study indicated that salinity and turbidity were the best 









Estuaries are the most dynamic environments among all aquatic ecosystems. Due to 
freshwater flows, saltwater inputs and geomorphological features, estuaries show 
horizontal and/or vertical physicochemical gradients (McLusky 1993). Spatial 
environmental gradients are more common in large permanently open systems where 
there is continuous mixing of freshwater and saltwater (Nicolas et al. 2010c). As a result, 
different non-static zones with a distinct associated biota are characteristic features of 
most estuaries with a permanent connection to the marine environment (Greenwood 
2007; Whitfield et al. 2012). Therefore, understanding the specific role of different sites 
within estuaries in supporting various fish life histories is important in conservation and 
habitat improvement efforts (Beck et al. 2001; Sheaves et al. 2015), as management 
interventions of aquatic ecosystems often focus at site or catchment levels (Esselman et al. 
2011).  
Physicochemical parameters act in-concert (Whitfield 1999; Shi et al. 2014), with salinity 
and turbidity influencing intra-estuarine fish assemblage structures due to reasons related 
to differential environmental tolerances of species, food availability and protection from 
predation (Blaber and Blaber 1980; Martino and Able 2003; Akin et al. 2005). Fish species 
richness within estuaries usually increases with salinity (Jaureguizar et al. 2003; Martino 
and Able 2003; Jaureguizar et al. 2004; Nicolas et al. 2010b), except in hyper-saline 
conditions (Whitfield et al. 2012). Conversely, due to increased food availability and low 
predation, the abundance of individuals is generally higher in the middle mesohaline turbid 
sections of estuaries than in oligohaline and polyhaline areas (Nicolas et al. 2010b). The 
limited visibility in turbid waters could lower the risk of predation for smaller individuals, 
thus resulting in a potential predation refuge for prey fish, which could contribute to higher 
fish abundance in turbid sections of estuaries. 
In addition, the distribution of taxonomic and functional groups of fish within estuaries 
varies across the horizontal salinity gradient (Selleslagh and Amara 2008). Freshwater 
species commonly occur in the upper reaches and oligohaline areas, whereas diadromous 





(Jaureguizar et al. 2003). On the other hand, marine-stragglers and marine-migrants are 
known to occur in the polyhaline lower estuarine reaches (Nicolas et al. 2010b). Similarly, 
increased occurrence of diadromous individuals and marine-migrants was reported in the 
upper and lower reaches of a permanently open system in New Zealand (Kakanui Estuary), 
respectively (Jellyman et al. 1997). Nevertheless, the extent of the horizontal salinity 
gradient may vary temporally due to seasonal variations in freshwater in-flows, affecting 
distribution of fish within estuaries.  
Seasonal changes in physicochemical variables are common in estuaries and influence fish 
community structure (Blaber and Blaber 1980). Increased fish abundance and species 
richness were recorded in warmer months in the Koycegiz estuary, Turkey (Akin et al. 
2005). Similarly, low fish abundance was observed in the Kakanui Estuary during winter 
(Jellyman et al. 1997). The seasonality of fish reproduction also contributes to higher 
abundances in warmer summer months (Potter et al. 1986; Potter et al. 1997). Temporal 
fluctuations in the occurrence of fish species and functional groups were also reported in 
a macro-tidal estuary in northern France, where marine-migrants and marine-stragglers 
dominate in summer and winter months, respectively (Selleslagh and Amara 2008).  
New Zealand has hundreds of estuaries supporting various aquatic life forms. Nevertheless, 
the amount of information regarding the ichthyofauna of New Zealand estuaries remains 
inadequate given the number of estuaries in the country and the unique fish fauna they 
support. Estuarine ecological research has been mostly limited to estuarine typology 
(Hume and Herdendorf 1988), water quality and invertebrate studies (Schallenberg et al. 
2010; Lill et al. 2011a; Lill et al. 2011b; Lill et al. 2013); but see (Webb 1972; Roper 1986; 
Jellyman et al. 1997; Sutherland and Closs 2001; Taddese et al. 2018) for estuarine 
ichthyofaunal studies in New Zealand. However, fish communities are good indicators of 
estuarine environments as deviations from natural can be used to detect environmental 
degradation (see Whitfield 2002). Thus, detailed assessments of fish that use estuaries are 
required for baseline information and to devise efficient management plans from 
comparison of spatiotemporal changes. Therefore, the aim of the present study was to 





the horizontal salinity gradient and understand the physicochemical factors that determine 
the intra-estuary fish assemblage structure. 
I hypothesized that marked difference in distribution of estuarine use functional groups 
will be observed between parts of the Waikouaiti Estuary. As the freshwater fish fauna of 
New Zealand comprises greater proportion of diadromous species (McDowall 2010a), the 
upper reach of the Waikouaiti Estuary will be dominated by individuals with marine larval 
phase. Estuarine-residents and species with marine affinity will occur in the middle and 
lower reaches of the Waikouaiti Estuary, respectively. Whilst the middle section will show 
higher abundance, species richness will be greater at the lower reach. Salinity and turbidity 
will be the major abiotic factors influencing the intra-estuarine fish assemblage. Over all 
species richness and abundance of individuals will be higher in warmer seasons.   
3.3. Materials and methods 
3.3.1. Study site 
The Waikouaiti Estuary is a regionally significant wetland system with an estimated area of 
~ 1.41 Km2, permanently connected to the marine environment, located on the coast of 
Otago, New Zealand (Fig. 3.1). A recent MSc study indicated that the estuary has low 
nutrient concentrations and sediment dominated by sand (Foote 2016). The estuary has 
two tidal arms (Merton and East) and is affected by surrounding anthropogenic activities 
that have caused sedimentation and severe habitat shrinkage (van Halderen et al. 2016; 
Stevens and Robertson 2017). A recent study indicated that diadromous (common bully, 
Gobiomorphus cotidianus and common smelt, Retropinna retropinna) and estuarine-
migrant (estuarine triplefin, Forsterygion nigripenne) species commonly occur in the lower 










Fig 3.1. Map of the Waikouaiti Estuary and sampling locations Otago, New Zealand. 
Reaches are indicated by letters L (lower), M (middle) and U (upper). The two arms are 







3.3.2. Sampling  
Fish were collected from upper, middle and lower reaches of the Waikouaiti Estuary using 
a seine net (14 × 1 m (L × H); 10-mm mesh size) monthly for one year between August 2016 
and September 2017. The net was hauled three times along the lower, and twice along the 
other reaches, during sampling with each drag 5 m apart covering an area of ~ 200 m2. 
Multiple preliminary field samplings were conducted to choose the method that works for 
all reaches. The build-up macroalgae and exposure of the estuarine bottom during low tide 
in the middle and lower reaches prevented the use of other passive sampling methods, 
including fyke nets. Moreover, lack of accessible, gently sloping sandy shorelines in the 
upper and middle reaches restricted seining to two hauls per sampling. The upper reach 
was not sampled on one occasion due to a major flood event in July 2017. Although the 
upper and middle reaches stay relatively shallow for the use of seine net regardless of tides, 
the lower reach becomes too deep at high tide. Therefore, all samples were collected at 
slack-water following low tide to be consistent with sampling effort. Samples collected 
monthly were used as replicates for subsequent analyses. After each sampling, fish caught 
by the seine net were sorted, identified, counted and released back to the water. Fish were 
kept alive in aerated 20-L buckets containing estuarine water until all seine hauls were 
completed. Only individuals that were difficult to identify to species level on site were 
euthanised by an overdose of AQUI-S 20E (AQUI-S New Zealand, Lower Hutt, New Zealand) 
and preserved in 70% ethanol for laboratory identification. During each sampling, salinity, 
dissolved oxygen (DO) and temperature were measured from surface water using a YSI 
Professional Plus multiprobe (YSI, Yellow Springs, OH, USA), with sampling being restricted 
to shallow, well-mixed habitats throughout the study. Turbidity was measured using a Hach 
2100Qis portable turbidity meter (Hach, Loveland, CO, USA). A portable pH probe (Model 
IQ140; IQ Scientific Instruments, Carlsbad, CA, USA) was used to measure pH. This study 






3.3.3. Statistical analysis  
The data were analysed using the Primer multivariate statistical package (ver. 7, PRIMER-
E, Quest Research Limited, Auckland, New Zealand). Non-metric multidimensional scaling 
(nMDS) was performed using the Bray-Curtis similarity matrix constructed from log(x + 1) 
transformed biological data. A relatively non-severe transformation (log(x + 1)) was chosen 
as the occurrence of zeros and large numbers in the biological data was relatively better 
than the broad-scale assessment (Chapter 2). Salinity and turbidity values were 
superimposed on the nMDS plot separately to visualize their respective influence on the 
biological data. Permutational multivariate analysis of variance (PERMANOVA) was applied 
to the biological data using reach and season as predictor variables, and reach × season as 
an interaction term. The use of PERMANOVA allowed for comparison of samples across 
seasons and reaches with a missing data point, i.e., unbalanced design. The effects of 
reach, season and their interaction with fish species richness were analysed using a general 
linear mixed effect model in SPSS version 20 (IBM Corp., Armonk, NY, USA). To identify the 
fish species determining significant differences between reaches and seasons, a similarity 
percentage (SIMPER) analysis was employed using the Bray-Curtis similarity matrix 
constructed from log(x + 1) transformed biological data with a two-way crossed design and 
default cut-off value of contribution (70%).  
The effects of reach, season and their interaction on physicochemical variables were also 
analysed using general linear mixed effect model following log(x) transformation for 
normality. The ability of physicochemical variables to explain the pattern of fish 
assemblage structure was determined using distance-based linear modelling (DistLM). The 
DistLM was run using a step-wise search with an Akaike’s information criterion corrected 
for small sample size (AICc) selection criterion. The outputs of the DistLM were visualized 






3.4.1. Fish assemblage  
Fifteen species and 4967 individuals were collected during the study period (Tables 3.1). 
One species, Forsterygion nigripenne (estuarine triplefin), constituted 58.9% of the total 
catch. Marked differences in fish abundance were observed between the three reaches; 
81.9% of the total catch was recorded from the middle reach (Table 3.1; Fig. 3.2). The upper 
and lower reaches contributed 11.7% and 6.4% of the total catch, respectively. The 
maximum number of species (12 species) occurred in the lower reach, although it was not 
significantly different from other sections of the estuary. However, significant variations in 
species richness were recorded among seasons (Table 3.2). Significant differences in 
species richness were seen between spring and autumn; winter and spring; summer and 
winter and autumn and summer (Fig. 3.3). The PERMANOVA results showed significant 
differences in fish abundances between reaches and seasons but no significant interaction 






Table 3.1. Number of fish caught in the Waikouaiti Estuary. D, diadromous; E, estuarine; MM, marine-migrant; MS, marine-straggler; Spr, spring; 
Sum, summer; Aut, autumn; Win, winter 
Scientific name Common name 
Life  
history 
Upper Middle Lower 
Spr Sum Aut Win Spr Sum Aut Win Spr Sum Aut Win 
Aldrichetta forsteri Yellow-eye mullet MM 0 0 0 0 49 248 4 0 86 82 17 1 
Diplocrepis puniceus Orange clingfish MS 0 0 0 0 0 1 0 0 1 3 0 11 
Forsterygion nigripenne Estuarine triplefin E 1 0 0 0 45 952 1205 653 11 22 18 17 
Galaxias maculatus Inanga D 28 70 9 1 0 469 0 0 0 0 0 0 
Galaxiid sp. Whitebait D 29 0 0 19 7 0 0 0 1 0 0 0 
Gobiomorphus cotidianus Common bully D 31 118 223 19 347 2 0 0 0 0 4 0 
Leptoscopus macropygus Estuary stargazer MS 0 0 0 0 0 0 0 0 1 0 0 0 
Lissocampus filum Shortsnout pipefish MS 0 0 0 0 0 0 2 0 0 0 0 0 
Nemadactylus macropterus Tarakihi MS 0 0 0 0 0 0 0 0 3 0 0 0 
Pseudolabrus fucicola Banded wrasse MS 0 0 0 0 0 0 0 0 0 0 1 1 
Retropinna retropinna Common smelt D 5 13 0 0 0 29 44 2 0 27 0 0 
Rhombosolea plebeia Sand flounder MS 0 0 0 0 0 1 0 0 5 0 0 0 
Rhombosolea retiaria Black flounder  D 2 0 1 0 3 3 1 1 0 1 0 6 
Rhombosolea tapirina Greenback flounder MS 0 0 0 0 0 0 0 0 0 1 0 0 
Salmo trutta Brown trout D 7 3 0 0 0 0 0 0 0 0 0 0 
Total abundance 
  
103 204 233 39 451 1705 1256 656 108 136 40 36 





only between summer and winter, and summer and autumn. Unlike seasonal differences, 
pairwise comparisons between all reaches were significant. The nMDS plots showed three 
distinct groups of samples separated by reach (Fig. 3.4). Samples collected from the upper, 
middle and lower section of the estuary were grouped on the right, middle and left side of 
the nMDS plot, respectively.  
The SIMPER analysis revealed the top list of species and their respective contribution for 
the dissimilarities between different reaches (Table 3.4); F. nigripenne, Aldrichetta forsteri 
(yellow-eye mullet) and Gobiomorphus cotidianus (common bully) accounted for 73.8% 
dissimilarity between the lower and middle reaches (Table 3.4). On the other hand, G. 
cotidianus, Galaxias maculatus (inanga), F. nigripenne, and A. forsteri were the top four 
species accounting for 95.2% dissimilarity between the lower and upper sections of the 
Waikouaiti estuary. Similarly, F. nigripenne, G. cotidianus and A. forsteri explained 87.4% 











Fig. 3.2. Fish abundance (mean ± S.D. of fish per seine net haul) in the upper, middle and 




Fig. 3.3. mean ± S.D. of number species in the upper, middle and lower reaches of the 





The fish species that contributed most to the dissimilarities in abundance between seasons 
were noted from the SIMPER analysis results (Table 3.5). The relatively higher occurrence 
of A. forsteri, Retropinna retropinna (common smelt), G. maculatus and F. nigripenne in 
summer, together with the increased presence of G. cotidianus in spring, accounted for 
65.8% of the dissimilarity between the two seasons (Table 3.5). In contrast, the increased 
relative occurrence of G. cotidianus, A. forsteri, Galaxiid sp. (whitebait) and G. maculatus 
in spring along with high abundance of F. nigripenne in autumn accounted for 66.9% 
dissimilarity between the two seasons. The relatively high abundance of G. cotidianus, A. 
forsteri, and Galaxiid sp. in spring, and the increased presence of F. nigripenne, and 
Rhombosolea retiaria (black flounder) in winter, contributed to 69.3% dissimilarity 
between the two seasons. Four species (A. forsteri, G. maculatus, R. retropinna and F. 
nigripenne) occurred in higher numbers in summer than winter and accounted for 65.06% 
dissimilarity between the two seasons. A relatively lower dissimilarity (49.8%) was 
observed among catches of autumn and winter than between other seasons. Occurrence 
of F. nigripenne, G. cotidianus, and A. forsteri in autumn and the increased presence of R. 
retiaria and Diplocrepis puniceus (orange clingfish) in winter contributed to the 
dissimilarity between the two seasons (Table 3.5).  
Table 3.2. Summary of linear mixed effect model analysis showing effects of reach, season 
and their interaction on fish species richness. R, reach; S, season 
Source d.f. F P-value 
R 2 2.078 0.148 
S 3 3.832 0.023 







Table 3.3. Summary of permutational multivariate analysis of variance (PERMANOVA) 
result showing effects of reach, season and their interaction on fish abundance. The 
PERMANOVA was based on a Bray-Curtis similarity matrix of log(x+1) transformed 
abundance data. SS, sum of squares; MS, mean square; Perm, permutations. R, reach; S, 
season 
Source df SS MS Pseudo-F P(perm) Unique perms 
R 2 44204 22102 11.27 0.001 998 
S  3 9771.4 3257.1 1.66 0.046 999 
R × S 6 13922 2320.4 1.18 0.26 999 
Residual 23 45115 1961.5                         
Total 34 113560                                
 
3.4.2. Physicochemical variables 
Significant differences in salinity were observed between reaches of the Waikouaiti Estuary 
(Table 3.6; Fig. 3.5–a). Salinity was significantly lower in the upper reach than other 
sections of the estuary. Salinity differences between the middle and lower reaches were 
insignificant (Table 3.6; Fig. 3.5–a). Despite non-significant differences, salinity was slightly 
higher in the middle reach (16.4 ± 8.26 mean ± SD) than in the lower (14.9 ± 7.87, mean ± 
SD). Likewise, no significant variations were observed between salinity measurements of 
different seasons. Significant temporal variations in temperature were observed (Table 
3.6.). Temperature was significantly higher in summer (15.6 OC ± 0.38, mean ± SD) than in 
other seasons, except spring (12.8 OC ± 1.23, mean ± SD) where the temperature was not 
significantly different to summer (Table 3.6; Fig. 3.5–b). In contrast, temperature was 
significantly lower in winter (7.81 OC ± 2.21, mean ± SD) months than other months.  
Variations in turbidity were significant between reaches and seasons (Table 3.6; Fig. 3.5–
c). Significantly higher turbidity was recorded from the middle reach (15.2 NTU ± 13.5, 
mean ± SD) than other sections of the estuary. Turbidity values recorded from the upper 
reach (2.34 NTU ± 1.48, mean ± SD) were significantly lower than other reaches. Turbidity 





seasons. Dissolved oxygen significantly varied between seasons, but not among reaches, 
with higher values in spring and winter months (Table 3.6; Fig. 3.5–d). Therefore, 
differences in DO between spring and summer, spring and autumn, summer and winter, 
and winter and autumn were significant. On the other hand, differences in DO among 
spring and winter, and summer and autumn were not significant. There were significant 
differences in pH between reaches, however, seasonal differences were observed between 












Fig. 3.4. Ordination by non-metric multidimensional scaling (nMDS) of samples based on 
Bray-Curtis similarities calculated from log(x + 1) transformed biological data. Symbols are 
labelled to highlight differences among upper, middle and lower reaches of the Waikouaiti 
Estuary. Samples are labelled by reach and month of sampling: lower–September (LSE), 
lower–October (LOC), lower–November (LNO), lower–December (LDC), lower–January 
(LJA), lower–February (LFE), lower–March (LMA), lower–April (LAP), lower–May (LMY), 
lower–June (LJN), lower–July (LJL), lower–August (LAU), middle–September (MSE), 
middle–October (MOC), middle–November (MNO), middle–December (MDC), middle–
January (MJA), middle–February (MFE), middle–March (MMA), middle–April (MAP), 
middle–May (MMY), middle–June (MJN), middle–July (MJL), middle–August (MAU), 
upper–September (USE), upper–October (UOC), upper–November (UNO), upper–
December (UDC), upper–January (UJA), upper–February (UFE), upper–March (UMA), 








Fig. 3.5. Physicochemical parameters of the Waikouaiti Estuary. Columns indicate mean ± 
S.D. of measurements taken once monthly in each season in the upper, middle and lower 











3.4.3. Physicochemical variables and fish assemblage 
Salinity and turbidity were selected as the key physicochemical variables related to fish 
abundance in the Waikouaiti Estuary (AICc 279.9; R2 0.24; number of variables 2; Table 
3.7). Collectively, these variables explain 24.3% of variation in the data (Table 3.7). The 
dbRDA ordination plot showed that assemblages were clearly separated by intra-estuarine 
variations in salinity and turbidity (Fig. 3.6). Samples collected from the upper reach were 
aggregated at the lower end of the salinity and turbidity vectors (Fig. 3.6) unlike samples 
from the lower and middle sections of the estuary. The first two dbRDA axes explained 
100% of the relationship between fish assemblages and measured physicochemical 
variables (salinity and turbidity) and 24.3% of variability in the dataset. Similarly, the nMDS 
plots on which salinity and turbidity superimposed on the biological data indicated that 
these two physicochemical variables are associated with fish assemblage structure of the 
Waikouaiti Estuary (Appendix 1).  
 
Table 3.4. Summary of similarity percentage analysis (SIMPER) conducted on the Bray-
Curtis similarity matrix constructed from log(× + 1) transformed biological data. Differences 
in average abundances (i.e. log(× + 1) of number of individuals of a species per seine haul) 
of species that contributed to the dissimilarities between upper, middle and lower reaches 
of the Waikouaiti Estuary. Differences between reaches are indicated in < and > signs. A 
cut-off value of 70% contribution to dissimilarity was used.  
 Species Upper  Middle  Lower 
Forsterygion nigripenne 0.04 < 4.11 > 0.88 
Aldrichetta forsteri 0.00 < 1.30 > 0.74 
Gobiomorphus cotidianus 2.16 > 0.84 > 0.07 








Table 3.5. Summary of similarity percentage analysis (SIMPER) on the Bray-Curtis similarity 
matrix constructed from log(× + 1) transformed biological data. Differences in average 
abundances (i.e. log(× + 1) of number of individuals of a species per seine haul) of species 
that contributed to the dissimilarities between spring, summer, autumn and winter 
seasons in the Waikouaiti Estuary. Differences between seasons are indicated in < and > 
signs. A cut-off value of 70% contribution to dissimilarity was used.  
Species Spring  Summer  Autumn  Winter 
Forsterygion nigripenne 0.97 < 2.00 < 2.03 > 1.90 
Aldrichetta forsteri 0.85 < 1.51 > 0.33 > 0.04 
Gobiomorphus cotidianus 1.51 > 0.71 < 1.26 > 0.42 
Galaxias maculatus 0.30 < 1.66 > 0.24 > 0.05 
Retropinna retropinna 0.14 < 1.08 > 0.35 > 0.10 
Galaxiid sp. 0.64 > 0.00  0.00 < 0.29 
Rhombosolea retiaria 0.19    0.17 < 0.22 








3.5.1. Fish assemblage patterns 
The findings of this study showed marked differences in fish assemblages between sections 
of the Waikouaiti Estuary as a function of intra-estuarine spatiotemporal environmental 
heterogeneity. Fish abundance in the turbid middle reach with mud substrates was much 
higher than the less turbid lower and upper reaches. Temporal comparisons indicated that 
fish abundance is markedly higher in warmer summer months. Similarly, the summer 
season saw maximum species richness than other times of the year. Due to increased food 
abundance (Blaber et al. 1983), the turbid sections of estuaries with mud substrates are 
known to harbour large number of individuals compared to reaches with sandy substrates 
(Blaber 2008). In addition, high turbidity can lower the risk of predation by visual predators, 
hence turbid sections of estuaries are the preferred habitats of small and juvenile fish 
(Blaber 2008).  
The number of species recorded in the current study is relatively lower than the fish 
diversity that one would encounter in most European (40, França et al. 2011), North 
American (47, Martino and Able 2003), South African (76, Pollard 1994a) or Australian (21, 
O'Mara et al. 2016) estuaries. Nevertheless, ichthyofaunal diversity of the Waikouaiti 
Estuary is comparable to other permanently open estuaries in New Zealand. Jellyman et al. 
(1997) sampled the Kakanui Estuary at four sites along the horizontal salinity gradient using 
seine as well as fyke nets for one year and recorded 20 fish species most of which were 
also found in the Waikouaiti Estuary in my sampling. Therefore, the overall low number of 
species observed in the Waikouaiti Estuary compared to estuaries elsewhere could be due 
to the general low fish diversity in New Zealand. However, the use of only one type of gear 
might have also contributed to the low fish diversity in the present study as certain fast 
swimming and benthic species are difficult to catch using a seine net (Horinouchi et al. 
2005). Unlike the catch from the Kakanui Estuary, few species that commonly occur in 
estuaries (e.g., eels and lamprey) were not caught from the Waikouaiti Estuary, (Jellyman 
et al. 1997). The addition of fyke nets in the sampling regime would have increased the 






Table 3.6. Summary of linear mixed effect model analysis showing effects of reach, season and their interaction on physicochemical variables. R, 




Salinity Temperature (0C) DO (mg L-1) Turbidity (NTU) pH 
Source d.f. F P – value F P – value F P – value F P – value F P – value 
R 2 231.447 0.0001 1.961 0.164 0.705 0.504 18.065 0.0001 2.860 0.078 
S 3 1.289 0.302 8.050 0.001 4.681 0.011 4.491 0.013 5.796 0.004 





comparisons of this study with studies in South Africa and Australia (e.g., Whitfield and Kok 
1992; O'Mara et al. 2016).   
The time, place and frequency of occurrence of a given species can be used as a clue 
regarding its life history. In the present study, the occurrence of F. nigripenne throughout 
the year may be an indication that this species is an estuarine specialist, completing its life 
cycle within the estuary. Postlarvae of F. nigripenne, small individuals (TL ~ 15 mm) with 
translucent bodies and well-developed fins, were caught between January and July months 
in the middle reach along with other life stages. Moreover, Galaxias maculatus were 
collected in relatively large numbers in the upper and middle reaches in February. This 
could indicate that inanga spawns in late summer in the Waikouaiti Estuary. The upper 
reach of the Waikouaiti Estuary is known to be one of the identified spawning sites of G. 
maculatus in Otago (Taylor 2002). On the other hand, the increased presence of G. 
cotidianus from spring to autumn in the upper and middle (only in spring) reaches is in line 
with the extended spawning period of the species (Stephens 1982; McDowall 1995). In 
addition, G. cotidianus populations in systems where there is continuous connection with 
the marine environment are likely to be diadromous unlike the ones that occur in 
intermittently closed and open lakes or lagoons (ICOLLs) and form land-locked populations 
(Closs et al. 2003).  
 
Table 3.7. Output from distance-based linear model (DistLM) analysis showing the effects 
of physicochemical variables on the fish assemblage of the Waikouaiti Estuary 
Variable R2 F-ratio P-value 
Salinity 0.18279 7.3815 0.001 
Turbidity 0.060318 2.5501 0.024 








3.5.2. Physicochemical variables 
The salinity differences among reaches of the Waikouaiti Estuary reflected the river flow 
direction with low values in the upper reach. However, the salinity measurements in the 
middle and lower reaches, unlike estuaries elsewhere (e.g., Cyrus and Blaber 1992), were 
counter-intuitive as there was no significant variation. The middle reach sampling site is a 
sheltered area as it is few meters far from the main river channel. For this reason, salt water 
stays relatively for longer period after spring tide until it is scoured by a flood following 
heavy rain (P. Russell, personal comm., 2018). Due to this sheltering effect, salinity in the 
middle reach was as high as the lower reach. The high turbidly observed in the middle reach 
could be the result of increased silt input via run off as a result of land use practices near 
the estuary. However, higher turbidity is common in the middle sections of estuaries (Lin 
and Kuo 2001; Yu et al. 2014). The temporal turbidity variations in the Waikouaiti Estuary 
were due to the relatively low rainfall in autumn and high runoff in the wet and cold months 
of winter. Increased sediment loads commonly occur in estuaries as the result of rainfall 


















Fig. 3.6. Distance-based redundancy analysis (dbRDA) ordination plot displays the relationship between physicochemical parameters that best 





3.5.3. Physicochemical parameters and fish assemblage  
The DistLM analysis selected salinity and turbidity as the significant predictors of fish 
assemblage structure in the Waikouaiti Estuary. The relatively higher salinity conditions in 
the lower and middle reaches favoured occurrence of marine-migrants and marine-
stragglers (i.e. species that spawn at sea and enter estuaries opportunitically, Elliott et al. 
2007) including A. forsteri, D. puniceus and Rhombosolea plebeian (sand flounder). 
However, the relatively lower turbidity favoured exclusive presence of marine-stragglers 
that visit estuaries in low numbers such as Leptoscopus macropygus (estuary stargazer), 
Nemadactylus macropterus (tarakihi) and Pseudolabrus fucicola (banded wrasse) in the 
lower reach. Despite different fish species were caught from the turbid middle reach, more 
than 70% of the catch was comprised of one species, F. nigripenne. Turbid sections of 
estuaries tend to have increased food availability and are known to be shelters from visual 
predators (Blaber 2008). On the other hand, the low salinity water in the upper reach 
created conducive conditions for post-juvenile and adult freshwater life stages of 
diadromous individuals with marine larval phase.  
In conclusion, my findings highlight that permanent connection to the marine environment 
creates environmental heterogeneity and affects spatiotemporal distribution fish in 
estuaries. In the present study I observed the consistent presence of one species endemic 
to New Zealand (F. nigripenne) in large numbers in the middle reach of the Waikouaiti 
Estuary throughout the year. This could indicate that environmental heterogeneity as the 
result of uninterrupted estuary-ocean connection creates conducive conditions for species 
that spends its entire life cycle within estuaries despite permanent access to the marine 
environment. This could be one of the relatively small number of truly estuarine-resident 
species adapted to the constantly changing estuarine conditions. Nevertheless, the 
Waikouaiti Estuary is under pressure due to anthropogenic activities (van Halderen et al. 
2016). The present study can help decision makers to understand the current status of the 
fish assemblage structure of the Waikouaiti Estuary as well as the role it plays in supporting 
the life history of several fish species, such that management plans that account for all 





heterogeneity often support greater fish species diversity (Gilmore 1995). Therefore, 
efforts that aim to maintain the heterogeneity and complexity of habitats in the Waikouaiti 
Estuary are recommended. Future studies on the ecology of fish species that commonly 
occur in the Waikouaiti Estuary through otolith chemistry will strengthen our 






Chapter 4. Direct relationship between water and otolith chemistry in juvenile estuarine 
triplefin Forsterygion nigripenne  
 
4.1. Abstract 
Temporal fluctuations of physicochemical variables within estuaries present challenges in 
the use of otolith chemistry as a proxy to fish habitat use. Therefore, validating the 
relationship between ambient water and otolith chemical composition in a controlled 
environment before employing the technique is of great value in reconstructing life history 
of a fish species. In the present experiment I reared juveniles of estuarine triplefin at three 
Sr and Ba concentrations and two salinity levels for a period of six weeks. Analyses of 
otoliths using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) 
indicated that Sr:Ca and Ba:Ca in otoliths were directly and linearly related to their 
respective concentration in the rearing water. However, enhanced uptake of Ba with 
increasing Sr concentration was also observed. Overall, the effect of salinity on otolith Sr:Ca 
and Ba:Ca was found to be limited. The results of the present study confirmed that otolith 
trace element analysis is a reliable technique to decipher migration pattern of fish that 

















Otolith microchemical analysis is an essential tool for elucidating the environmental history 
of fish (Campana 1999). The characteristic of otoliths which retain a time-resolved 
signature of the ambient environment to which the fish is exposed can be used to infer 
individual life histories (Thorrold et al. 1997; Kafemann et al. 2000; Elsdon and Gillanders 
2005a; Elsdon and Gillanders 2006; Fowler et al. 2016; Hogan et al. 2017). Otolith 
microchemistry can be used to reconstruct the early life history (i.e., larval stage) of fish 
where it is impossible to employ traditional fish movement tracking methods (Miles et al. 
2013). Recent technological advancements in Laser Ablation Inductively Coupled Plasma 
Mass Spectrometry (LA-ICP-MS) have enhanced the accuracy of using otolith analysis to 
understand age-specific movements of fish across different habitats (Limbeck et al. 2015; 
Tanner et al. 2016).  
Salinity, temperature and ambient trace element concentrations are physicochemical 
factors that affect otolith chemical composition (Campana 1999; Elsdon and Gillanders 
2004; Martin and Thorrold 2005; Izzo et al. 2018). Both the absolute strontium (Sr) 
concentrations and the molar ratio of Sr to calcium (Ca) are higher in seawater than 
freshwater (Campana 1999; Elsdon et al. 2008). Contrastingly, the absolute barium (Ba) 
concentrations and the molar ratio of Ba to Ca are higher in freshwater than seawater. 
These differences in Ba and Sr in relation to Ca have enabled the migrations of fish between 
freshwater and saltwater habitats to be inferred from otoliths for several species (sockeye 
salmon, Rieman et al. 1994; Hawaiian gobies, Radtke and Kinzie 1996; black bream, Elsdon 
and Gillanders 2006; streaked prochilod, Avigliano et al. 2017; American eel, Benchetrit et 
al. 2017) whereby otolith chemical composition is a proxy for the fish`s past environment.  
Relating environmental variables to otolith chemistry to describe migratory chronology of 
fish species that use estuaries is complex as the spatiotemporal fluctuation of 
physicochemical variables within estuaries complicates reconstruction of the 
environmental history of estuary-associated fish (Dorval et al. 2007). Estuaries experience 
marked variations in physicochemical properties driven by tides and variations in river 





microchemistry to elucidate the life history of estuarine-dependent fish species (Tanner et 
al. 2013; Fowler et al. 2016). In addition, given the existence of inconsistent relationships 
between otolith and ambient metal to Ca (Me:Ca) ratios (linear and positive, Bath et al. 
2000; ambiguous, Dorval et al. 2007), the assumption that consistent and predictable 
relationships between otolith chemical composition to ambient water trace element 
concentrations for all fish species is not warranted. Physiological influences on otolith 
Me:Ca ratios (Sturrock et al. 2015) and the species-specific nature of otolith elemental 
incorporation (Gillanders and Kingsford 2003; Zimmerman 2005) also confound 
interpretations of relationships between ambient water and otolith chemical composition 
when comparing migrations across different species and life stages. The increased 
availability of Sr:Ca in the ambient water enhances incorporation of Ba:Ca in black bream 
otoliths (de Vries et al. 2005) and such interactive effects negate the use of either Sr:Ca or 
Ba:Ca ratios alone as proxies to unravel the environmental history of estuary-dependent 
fish.  
Therefore, several studies have been conducted in a controlled artificial environment to 
assess the effect of ambient salinity, Sr:Ca, Ba:Ca, and temperature on the otolith 
microchemistry of various species of fish (Bath et al. 2000; Kraus and Secor 2004; de Vries 
et al. 2005; Walther and Thorrold 2006; Reis-Santos et al. 2013; Izzo et al. 2015; Walsh and 
Gillanders 2018). Thus, understanding the species-specific relationships between ambient 
water salinity and Me:Ca values on otolith elemental incorporation is of practical value for 
deciphering the movement chronology of estuary-dependent fish.  
This study aimed to investigate the extent to which differences in ambient salinity, along 
with varying Sr:Ca and Ba:Ca ratios, affect the microchemical composition of Forsterygion 
nigripenne otoliths, an estuarine species with a fairly long pelagic larval life (Kohn and 
Clements 2011). This species is commonly present in permanently open estuaries of New 
Zealand (Taddese et al. 2018). Thus, F. nigripenne was selected as a model species for 
understanding the effect of ambient salinity, Sr:Ca and Ba:Ca on otolith microchemistry in 
dynamic habitats, such as estuaries. I hypothesized that Sr:Ca and Ba:Ca ratios of F. 





ratios. Moreover, increased salinity will be related to higher and lower values of otolith 
Sr:Ca and Ba:Ca, respectively.  
4.3. Materials and methods 
4.3.1. Experiment design 
In a 2 × 3 × 3 (2 salinities x 3 Sr concentrations x 3 Ba concentrations) full factorial design 
two salinity levels (20 and 33; hereafter referred to as S20 and S33) were maintained, and 
Sr and Ba concentrations were manipulated independent of Ca to achieve three levels, 
hereafter called high, medium and low. The values for S20 salinity was chosen to match 
the average salinity (~20) of the middle section of Waikouaiti Estuary, New Zealand 
(45°37'18.06"S, 170°38'27.27"E) where F. nigripenne occurs in large numbers all year 
round. Trace metal analyses of water samples collected from the middle section of 
Waikouaiti Estuary at high and low tides were used as a reference to help determine 
realistic experimental Sr and Ba concentrations (Table 4.1). The three Sr and Ba 
concentration levels were set as 3x (high), 2x (medium) and 1x (low) average concentration 
from the middle section of the estuary. The water was spiked with high purity (99.99%) Sr 
and Ba salt solutions (SrCl2 and BaCl2) to achieve experimental concentrations. Fish were 
maintained in water spiked with 10x low Ba level solutions for five weeks to mark the 
otoliths prior to the commencement of the experiment so that the region representing the 
experimental period could be detected during subsequent laser ablation. Following the 
marking period, the fish were kept again in non-spiked water for six weeks to avoid the 
influence of the marking signature on the experimental values. All the tanks were washed 
with bleach and rinsed multiple times after marking was completed. Subsequently, fish 
were reared in the experimental water represented by all possible combinations of Sr and 
Ba levels within each salinity group and maintained for six weeks. Each treatment level was 






Table 4.1.  Sr:Ca (mmol mol-1), Ba:Ca (µmol mol-1) and salinity of water samples collected 
from three different reaches of the Waikouaiti Estuary at different tidal states  
 
Reach   Tide  Salinity  Sr:Ca Ba:Ca 
Lower high 33.3 7.86 4.36 
Lower  low 27.1 7.54 6.62 
Middle high 24.3 8.34 7.13 
Middle low 19.2 7.10 13.89 
Upper high 0.1 4.33 188.95 
Upper low 0.1 4.33 171.52 
 
4.3.2. Rearing conditions  
Juvenile F. nigripenne (TL mm, 29.6 ± 6.33 (mean ± S.D.)) were collected from the middle 
reach of Waikouaiti Estuary and transported to the experimental facility in aerated 20 L 
buckets containing mid-estuary water (salinity ~20). Upon arrival, fish were transferred to 
a 100 L tank fitted with air supply and a canister water filter in a room automatically 
adjusted to a 12 h light:12 h dark cycle. Filtered seawater was mixed with filtered 
freshwater to achieve the S20 salinity, measured with a YSI Professional Plus multiprobe 
(YSI, Yellow Springs, OH, USA). After one week, fish were randomly selected and stocked 
into 54 high density polyethylene (HDPE) plastic tanks (15 L) containing S20 water with a 
density of five fish per tank. However, only three fish per tank were used for subsequent 
analyses due to instrument time constraints. The salinity of half of the tanks was increased 
to S33 salinity by adjusting four units every day until a salinity of 33 was attained. The 
salinities for S20 and S33 were 20.17 ± 0.40 (mean ± S.D.) and 33.0 ± 0.54 (mean ± S.D.) 
respectively, throughout the experimental period. Solid waste was removed daily using a 
fine mesh scoop net, and tanks were covered with transparent lids. Every seven days, one-
third of the water in each tank was replaced with a water of the same salinity and trace 
element concentrations. Fish were maintained in the experimental water for a period of 





bloodworms (AHT, Hollywood fish farms, Auckland, New Zealand). This study was 
conducted under the University of Otago Animal Ethics Committee (AEC) permit number 
22/17. 
4.3.3. Otolith extraction, preparation and analysis 
At the end of the experiment, fish were sacrificed with overdose of AQUI-S 20E (AQUI-S 
New Zealand, Ltd.), and preserved in 70% ethanol until otolith extraction. Preservation of 
fish samples in ethanol has no known effect on otolith Sr and Ba composition (Hedges et 
al. 2004). Sagittal otoliths were extracted, cleaned with a nylon brush, air-dried and stored 
in microcentrifuge tubes. All utensils were rinsed with ultrapure water and dried with lint 
free-wipes between fish from different treatments. After extraction, otoliths were 
mounted on a microscope slide with Crystalbond 509 thermoplastic adhesive and polished 
with 9 µm and 3 µm lapping films until a suitable surface was achieved for ablation. Once 
polished, otoliths were randomly mounted on a microscope slide using double-sided 
adhesive tape for LA–ICP–MS analysis.  
Data for eight elements (Li, Na, Mg, Mn, P, K, Sr and Ba) were collected using an Agilent 
7900 ICP-MS coupled to ASI RESOlution M-50 laser ablation system powered by a Coherent 
193 nm ArF excimer laser. The laser was fired on an ablation path drawn from the centre 
to the outer edge of the otolith with a spot size of 50 µm and scan speed of 5 µm s-1. The 
laser repetition rate was set at 7 Hz and on sample fluence was 2.5 J cm2. External standards 
(NIST 610, NIST 612 and MACS-3) were run every 7-8 samples to allow correction for any 
instrument drift and bias. Each otolith was pre-ablated three times to avoid potential 
contamination from sample preparation. As a preliminary analysis prior to running all the 
samples, four otoliths were randomly selected and ablated on longer transects drawn from 
the otolith core to the outer edge to determine the part of the track containing the 
experimental signature. However, due to instrument time constraints, the rest of the 
samples were ablated using short ablation paths drawn from approximately mid-way 
between the centre and the edge of the otolith to the outer edge. Results of the long 
preliminary laser tracks indicated that the last ~ 50-100 µm of the track represented the 





each otolith were used in the statistical analyses. Background signals were collected for 20 
s between samples. 
4.3.4. Water sample preparation and analysis 
Water samples were collected from Waikouaiti Estuary using 500 mL polypropylene sample 
bottles, which had been pre-soaked in an acid bath for 24 h, triple rinsed with ultrapure 
water and dried in laminar flow before sampling. Results of the analyses of water samples 
collected from the Waikouaiti Estuary were used as a reference to set experimental 
concentration treatments (see above). Experimental water samples were collected three 
times (at the start, middle and end of the experiment) from each tank during the 
experiment using 50 mL syringes with Luer lock (Terumo Medical Corporation, Japan). One 
syringe, rinsed twice with 10% HCl and triple rinsed with Milli-Q water, was used for each 
sample.  Water samples were filtered through syringe filters with 0.45 µm pore size 
Polytetrafluoroethylene (PTFE) membrane (Minisart, Sartorius Stedim Biotech GmbH, 
Goettingen, Germany) and transferred to 20 mL polypropylene sample tubes. The sample 
tubes were used as received. Filtrates were acidified with quartz distilled nitric acid prior 
to analysis on an Agilent 7900 ICP-MS.  
4.3.5. Data processing  
Data was processed using IOLITE software (version 3.6) run on Igor Pro 6.37 to convert the 
raw count rate data to element concentrations after normalization to Ca and calibration 
with NIST 610. External standards (NIST 612 and MACS-3) were used to confirm the 
linearity, accuracy and precision of the measurements (see appendix 2). The results for 
most elements were within < 3 % and < 10 % of published values of NIST 612 and MACS-3, 
respectively (Pearce et al. 1997; Jochum et al. 2012; USGS 2012). All the measurements 
were above the instrument’s limit of detection (see appendix 2).  
4.3.6. Statistical analysis 
In order to assess incorporation rate of Sr and Ba into otoliths, partition coefficients of Sr 





ratios in the water. The effects of salinity, Sr, Ba levels and interaction (salinity x Sr, salinity 
x Ba and salinity x Sr x Ba) on otolith as well as water Sr:Ca, Ba:Ca ratios and partition 
coefficients were examined using linear mixed effect models with a Bonferroni pairwise 
comparison on SPSS version 20 (IBM Corp., Armonk, NY, USA). Salinity, Sr and Ba levels 
were treated as fixed factors, whereas ’tank’ was included as a random factor to test the 
effect of tank between replicates of the same treatment. Only results of the fixed factors 
effects are included as a tank effect was not detected in the subsequent analyses. Ordinary 
least square regression was employed to assess the relationship between water and otolith 
Sr:Ca and Ba:Ca. Q-Q plots were used to visually assess the distribution of residuals.  
4.4. Results  
4.4.1. Water chemistry 
Significant interactions between salinity and concentration levels were observed for water 
Sr:Ca, but not for Ba:Ca (Table 4.2). Sr:Ca and Ba:Ca of the rearing water varied significantly 
between both salinity and concentration treatment groups (Table 4.2). Treatments within 
the S20 group showed significantly higher Sr:Ca (Fig. 4.1–a) and Ba:Ca (Fig. 4.1–b) than those 
in the S33. However, ambient water Sr:Ca and Ba:Ca differed significantly among 
treatments of the same salinity group in accordance with the concentration levels (Table 
4.2). Small but statistically significant differences in water Sr:Ca were seen between 
treatments of different Ba levels (Table 4.2). Ba:Ca in the rearing water also significantly 
varied among different Sr levels, where Ba:Ca increased with increasing Sr. However, the 
water Ba:Ca differences between the medium and high Sr treatments were insignificant 











Table 4.2. Results of linear mixed effect model showing effects of salinity, Sr concentration, 






F P-value F P-value 
Salinity 1 11295.211 0.001 411.240 0.001 
Sr 2 21421.136 0.001 23.060 0.001 
Ba 2 7.190 0.002 1847.640 0.001 
Salinity × Sr 2 3448.683 0.001 2.235 0.122 
Salinity × Ba 2 15.888 0.001 3.121 0.057 
Sr × Ba 4 15.272 0.001 3.283 0.022 














Fig. 4.1. Sr:Ca (a) and Ba:Ca (b) of the rearing water across different Sr and Ba concentration 
levels. Columns indicate mean ± S.E. of Sr:Ca (a) and Ba:Ca (b) composition of water 
samples collected from each tank three times during the experiment. Light and dark 
columns indicate measurements from treatment groups in S20 and S33 salinity group, 
respectively. h, high concentration; m, medium concentration; l, low concentration 
b (water Ba:Ca) 





4.4.2. Otolith chemistry 
Significant interactions were found between water salinity and Sr treatment levels for 
otolith Sr:Ca. However, otolith Ba:Ca was not affected by salinity levels and interaction of 
other factors. Small but significant differences in otolith Sr:Ca were observed between 
salinity groups, where treatments under the S20 group showed slightly higher values than 
those in the S33 (Table 4.3; Fig. 4.2–a). Even though statistically significant, the marginal 
mean difference in otolith Sr:Ca between S20 and S33 was very small (0.27 mmol mol-1). 
Otolith Sr:Ca differed significantly among concentration treatments of the same salinity 
group reflecting the trend observed in the rearing water (Fig. 4.2–a). Otolith Sr:Ca did not 
differ between Ba treatment levels. However, otolith Ba:Ca varied significantly between 
both Sr and Ba treatment levels whereby Ba:Ca increased with the Ba levels in the rearing 
water (Table 4.3; Fig. 4.2–b). Even though otolith Ba:Ca increased with increasing levels of 
Sr in the rearing water, pairwise comparisons revealed significant differences between only 
the high and low Sr levels (Fig. 4.2–b). Differences observed in otolith Ba:Ca between 
medium and other Sr treatment levels were not significant. 
 
Table 4.3. Results of linear mixed effect model showing effects of salinity, Sr concentration, 






F P-value F P-value 
Salinity 1 36.268 0.001 2.334 0.129 
Sr 2 971.136 0.001 6.511 0.002 
Ba 2 0.616 0.542 145.975 0.001 
Salinity × Sr 2 120.168 0.001 0.349  0.706  
Salinity × Ba 2 1.974 0.143 0.729 0.484 
Sr × Ba 4 0.732 0.571 1.959 0.104 








Fig. 4.2. Sr:Ca (a) and Ba:Ca (b) of otoliths across different Sr and Ba concentration levels. 
Columns indicate mean ± S.E. of Sr:Ca (a) and Ba:Ca (b) composition of otoliths (n = 9) 
collected from each treatment. Light and dark columns indicate measurements from 
concentration treatment levels in S20 and S33 salinity groups, respectively. h, high 
concentration; m, medium concentration; l, low concentration 
b (otolith Ba:Ca) 





Results of the least square regression analyses showed a direct relationship between 
rearing water and otolith composition for both Sr:Ca and Ba:Ca in all salinity groups (Fig. 
4.3 and 4.4). The relationship between otolith Sr:Ca with Sr:Ca in the ambient water was 
positive and linear at all Ba levels in both salinity groups with r2 above 0.99 (Fig. 4.3–a, b). 
Similarly, positive and linear relationship was detected between otolith Ba:Ca and 
concentrations in the water at all Sr levels (r2 ranging from 0.724 to 0.999; Fig. 4.4–a, b). 
Overall both otolith Sr:Ca and Ba:Ca showed a good fit to their respective concentration in 
the ambient water.  
DBa was affected by interaction of salinity and Ba levels in the water (Table 4.4). Significant 
differences in overall DSr were observed between salinity groups whereby Sr uptake was 
slightly greater in S33 (Table 4.4). DSr varied significantly among Sr treatment levels 
indicating increased otolith Sr incorporation with decreasing levels of Sr in the rearing 
water (Fig. 4.5–a, b). Similarly, overall Ba uptake was significantly higher in treatments 
under S33 salinity group than those in S20 (Table 4.4; Fig 4.6–a, b). DBa significantly differed 
between Ba treatment levels in which otolith Ba incorporation decreased with increased 
Ba in the ambient water (Fig. 4.6–a, b).  
Table 4.4. Results of linear mixed effect model showing effects of salinity, Sr concentration, 
Ba concentration and their interaction on overall Sr and Ba partition coefficients. DSr, Sr 






F P-value F P-value 
Salinity 1 490.148 0.001 80.721 0.001 
Sr 2 110.930 0.001 0.180 0.835  
Ba 2 0.856 0.427 56.896  0.001 
Salinity × Sr 2 0.871 0.421 0.160 0.853  
Salinity × Ba 2 5.432 0.005 11.244  0.001 
Sr × Ba 4 1.675 0.159 1.511 0.202 








Fig. 4.3. Mean ± S.E. values of otolith (n = 9 per treatment) Sr:Ca plotted against average 
Sr:Ca concentration ratios in each treatment at different Ba concentration levels. Equations 







4.5. Discussion  
4.5.1. Sr:Ca and Ba:Ca in the rearing water 
Analyses of water samples in the S33 treatment group showed Sr:Ca and Ba:Ca ratios lower 
than values in S20 due to the differences in Ca between the two salinity levels. Natural 
seawater without freshwater was used to establish the S33 salinity, and the amount of Ca 
in S33 (mean ± S.E, 424.8 ± 0.83 µg mL-1) was higher than that of S20 (mean ± S.E, 257.9 ± 
0.61 µg mL-1). Therefore, the difference in Ca between the two salinity groups was reflected 
in elemental ratios regardless of the absolute concentration similarities between S20 and 
S33. Differences in elemental ratios (Sr:Ca and Ba:Ca) due to Ca between waters of 
different salinities was seen in other similar studies (Kraus and Secor 2004; de Vries et al. 
2005).  
The variation in water Sr:Ca and Ba:Ca between different Sr and Ba concentration 
treatment levels was in accordance with the spiking regime used in the experiment. The 
effect of Ba concentration levels on the ambient water Sr:Ca ratio observed in the present 
study was minimal (mean differences ranging from 0.05 mmol mol-1 to 0.21 mmol mol-1). 
On the other hand, the mean differences in ambient Ba:Ca across different Sr 
concentration levels were sufficient (1.73 µmol mol-1 to 2.34 µmol mol-1) to cause changes 
in otolith composition. Me:Ca concentration ratios that reflect the spiking regimes directly 


















Fig. 4.4. Mean ± S.E. values of otolith Ba:Ca (n = 9 per treatment) plotted against average 
Ba:Ca concentration ratios in each treatment at different Sr concentration levels. Equations 







4.5.2. Sr:Ca and Ba:Ca in otoliths 
In the present study the relationship observed between otolith Me:Ca ratios and salinity 
deviated from the generally expected pattern, where low salinity is associated with 
increased Ba:Ca and decreased Sr:Ca, and vice-versa. The Ca difference between the two 
salinity groups observed in the rearing water caused the seemingly-inverse relationship 
between salinity and the otolith Sr:Ca ratio. Likewise, the non-significant variations in 
otolith Ba:Ca found between S20 and S33 were Ca-driven. Such ambiguous results are 
known to occur when relationships between salinity and otolith Me:Ca ratios are explored 
without manipulating Ca. Kraus and Secor (2004) reared white perch in a groundwater 
mixed with estuarine water and found an inverse relationship between salinity and otolith 
Sr:Ca because of the low amount of Ca in the groundwater. In addition, higher otolith Sr:Ca 
and Ba:Ca were reported for black bream reared in brackish water (salinity = 5) than fish 
kept in seawater (de Vries et al. 2005). The minimal effect of salinity on otolith Sr:Ca and 
Ba:Ca observed in the present study could suggest that the elemental uptake associated 
with osmoregulation is closely regulated in F. nigripenne similar to what was reported for 
white perch (Kraus and Secor 2004). Contrastingly, marked effect of salinity and ambient 
water elemental concentration on Me:Ca was reported for juvenile Dicentrarchus labrax 
otoliths where otolith Sr:Ca and Ba:Ca were negatively related to their respective values in 
the water (Reis-Santos et al. 2018). Unlike the findings of the present study, negative 
relationship between ambient water salinity and otolith Me:Ca composition were also 











Fig. 4.5. Mean ± S.E. values of otolith Sr partition coefficients (DSr) plotted against average 








A linear and positive relationship was indicated between Sr:Ca as well as Ba:Ca in the 
rearing water and in the otolith. Similar direct and positive relationships have been 
reported for black bream (Elsdon and Bronwyn 2003; de Vries et al. 2005), white perch 
(Kraus and Secor 2004), and European sea bass (Reis-Santos et al. 2013). Facilitation of Ba 
uptake by Sr analogous to the pattern observed in the present study was reported for 
yellow perch (Collingsworth et al. 2010) and black bream (de Vries et al. 2005) otoliths. Ba 
is known to occupy non-lattice sites in calcite through physical trapping on structural 
defects (see Pingitore 1987). Therefore, the non-lattice inclusion of Ba on structural defects 
created as the aragonite grows through lattice incorporation of Sr could explain the co-
precipitation of Sr and Ba observed in the present study. However, determining the 
precipitation pattern of elements on aragonitic calcium carbonate lattice of otoliths was 
out the scope of this study. Considering the overall partition coefficient observed in the 
present study, elemental uptake was slightly higher (i.e., discrimination of Sr:Ca and Ba:Ca 
was lower) in treatments in the S33 salinity group, where ambient Me:Ca is relatively 
lower. Similarly, the results of the present study also indicated that DSr and DBa increased 
with decreasing ambient Sr:Ca and Ba:Ca, respectively. Partition coefficient results that 
show increased elemental uptake at low ambient concentrations were reported in 
previous studies (Bath et al. 2000; Elsdon and Bronwyn 2003; de Vries et al. 2005; Reis-















Fig. 4.6. Mean ± S.E. values of otolith Ba partition coefficients (DBa) plotted against average 







The findings of the present study highlight that ambient water Sr:Ca and Ba:Ca 
concentrations affect composition of F. nigripenne otoliths linearly and directly. Hence, 
analyses of otolith Sr:Ca and Ba:Ca can be employed to understand the movement of F. 
nigripenne  across waters of different Me:Ca compositions. Therefore, this direct 
relationship should be taken into account when constructing the life history of wild-caught 
F. nigripenne from otolith Sr:Ca and Ba:Ca profiles. Additionally, the results of this study 
suggest the effect of ambient water Sr:Ca and Ba:Ca compositions on F. nigripenne  otolith 
chemistry is more pronounced than the influence of salinity. Therefore, it should be noted 
that distinct changes in otolith Sr:Ca and Ba:Ca do not necessarily indicate movement 
across waters of different salinities. Further research on the effect of ambient water Me:Ca 
on blood plasma, endolymph fluid and otolith, in which Ca is controlled, would strengthen 
understanding of otolith microchemistry. Moreover, experiments whereby multiple factors 
(including temperature) are manipulated will clarify our understanding regarding factors 










Understanding the purpose for which fish use estuaries is important to devise a holistic 
aquatic ecosystems management plan. I used otolith trace element analysis to reconstruct 
the life history of Estuarine triplefin Forsterygion nigripenne and infer its habitat use. 
Analysis of F. nigripenne otoliths using Laser Ablation Inductively Coupled Plasma Mass 
Spectrometry (LA-ICP-MS) showed elemental profile that spans steadily across the 
transects without prominent peaks. The otolith elemental profile observed in the present 
study were not indicative of movement between waters with substantial Sr:Ca and Ba:Ca 
differences. However, Sr:Ca and Ba:Ca profiles indicative of within estuary movements 
encompassing short time periods were observed. Overall, the otolith microchemical profile 
of F. nigripenne observed in the present study was likely indicative of estuarine residence 







Understanding the ways in which fish use estuaries is vital for effective aquatic ecosystem 
management as well as mitigation of threats facing estuaries through well-informed 
conservation practices (Peterson et al. 2000; Whitfield 2002; Courrat et al. 2009; Delpech 
et al. 2010). Estuaries play an essential role in supporting many fish species, contributing 
in different ways to a variety of life history strategies (Bennett 1989; Whitfield 1999; Potter 
et al. 2001; Elliott et al. 2007; Hoeksema et al. 2009). Due to their productivity and capacity 
to act as refuges from certain predators and adverse environmental conditions, estuaries 
can serve as nursery habitats for fish from both freshwater and saltwater environments 
(Paterson and Whitfield 2000; Beck et al. 2001). Whilst many fish species only make 
transitory use of estuaries as migration routes, some physiologically tolerant species do 
spend their entire life within estuaries (Elliott et al. 2007).  
A range of techniques can be used to study how fish utilize estuaries, including, tissue 
stable isotopes analysis, otolith microchemistry and acoustic telemetry (Gillanders and 
Kingsford 2000; Childs et al. 2008; Fry and Chumchal 2011). However, the information that 
tissue stable isotope analysis provides is limited to short time periods due to fast tissue 
turnover rates (Buchheister and Latour 2010). The use of electronic tagging is restricted to 
post-juvenile and adult life stages as it is difficult to use the technique on small individuals 
(Miles et al. 2013; Dawson et al. 2015), which is problematic given that many larval and 
juvenile fish either rear in estuaries or briefly migrate through them. However, otoliths 
record past environmental history continuously over the lifetime of an individual fish, 
potentially enabling an understanding of migration patterns and habitat use of individuals 
across all life stages (Campana 1999; Elsdon et al. 2008).  
The use of otolith trace element analysis to elucidate the life history of a fish depends on 
the predictability of the relationship that exists between the otolith chemical composition 
of the species in question and the ambient water chemistry (Elsdon et al. 2008). It is 
generally assumed that ratios of trace elements to calcium (Ca), particularly strontium (Sr) 
and barium (Ba), are deposited chronologically into the otolith material consistently 





otolith Sr:Ca and Ba:Ca have been used as tracers of the past habitat use by estuarine fish 
(Gillanders and Kingsford 2000; Gillanders 2002a; Dorval et al. 2005b; Fowler et al. 2016; 
Schilling et al. 2018).  
Estuarine triplefin Forsterygion nigripenne is a species endemic to New Zealand that occurs 
in estuaries and coastal areas, including the Chatham islands (Francis et al. 2005; 
Wellenreuther et al. 2007; Feary et al. 2009; Kohn and Clements 2011; Taddese et al. 2018). 
This species is reported to exhibit 69 days of mean pelagic larval duration (PLD) before 
settlement to the adult habitat (Kohn and Clements 2011). Despite having long PLD 
estimated from otolith microstructure analysis, gene flow studies indicate that  F. 
nigripenne has limited dispersal potential and low migration rates (Hickey et al. 2009; Kohn 
and Clements 2011), suggesting the possibility that they remain within estuaries. However, 
studies on estuaries located on the South Island of New Zealand suggested that the life 
history strategy of F. nigripenne comprises a marine larval phase (Jellyman et al. 1997; 
Sutherland and Closs 2001). 
A year-round monthly sampling on one of the permanently open estuaries in Otago, New 
Zealand (the Waikouaiti Estuary) indicated that F. nigripenne occurs in large numbers from 
settlement-age larvae with translucent body and well-developed fins to a spawned adult 
throughout the year (Chapter 3). Conversely, in a recent study F. nigripenne was found to 
be absent in intermittently closed and open lakes or lagoons (ICOLLs) in south east New 
Zealand (Taddese et al. 2018). Thus, whilst it is known that F. nigripenne utilize estuaries, 
the details of its use are not known. Hence, this study is aimed to use otolith 
microchemistry technique to reconstruct the life history of F. nigripenne to better 
understand its habitat use over its full life history. 
A previous laboratory experiment indicated that otolith trace element analysis is a reliable 
technique to understand movements of F. nigripenne between waters of different Sr:Ca 
and Ba:Ca compositions (Chapter 4; Taddese et al. 2019). The results of the experiment 
showed incorporation of Sr:Ca and Ba:Ca into F. nigripenne otolith is linearly and positively 
related to their respective values in the ambient water. As otolith elemental signatures 





catch, respectively, (Jessop et al. 2012), I hypothesized that relatively higher Sr:Ca and 
lower Ba:Ca indicative of pelagic larval life in the marine environment will be observed in 
areas of F. nigripenne otoliths closer to the core. On the other hand, Sr:Ca relatively lower 
than the core and higher Ba:Ca values will be recorded on the outer edge of F. nigripenne 
otolith showing the elemental signatures at the time of catch in estuaries.   
5.3. Materials and methods 
5.3.1. Fish sampling 
Fish were collected using a seine net (14 × 1 m (L × H); 10-mm mesh size) from two 
permanently open estuaries located on the coast of Otago (South Island, New Zealand; Fig. 
5.1.): Waikouaiti Estuary and Tokomairiro Estuary. Samples from the Tokomairiro Estuary 
were added to check whether the life history strategy of F. nigripenne is consistent across 
different estuaries. Fish from the Waikouaiti (n = 25) and Tokomairiro (n = 27) were 
collected in August and November 2016, respectively. Fish (TL mm, 41.8 ± 12 (mean ± S.D)) 
were sampled from both the middle (Waikouaiti) and lower (Tokomairiro) reaches of 
estuaries. Sampling sites were chosen based on prior assessment of the two estuaries. Fish 
were killed by overdosing with AQUI-S 20E (AQUI-S New Zealand, Lower Hutt, New 
Zealand) and preserved in 70% ethanol for subsequent otolith extraction and analyses. This 
study was conducted under the University of Otago Animal Ethics Committee (AEC) permit 
number 23/16. 
5.3.2. Otolith extraction, preparation and analysis 
Sagittal otoliths were extracted, cleaned with a nylon brush, air-dried and stored in 
microcentrifuge tubes. All utensils were rinsed with ultrapure water and dried with lint 
free-wipes before and after handling fish from different sites. After extraction, both 
otoliths of each fish were mounted on a microscope slide with Crystalbond 509 
thermoplastic adhesive, and then polished with 9 µm and 3 µm lapping film until a suitable 
surface was achieved for ablation and counting of daily increments. Once polished, one 
sagittal otolith from each fish was transferred and mounted on another microscope slide 

















The second sagittal otolith was used to determine age using light microscopy (Olympus® 
Corporation, Tokyo, Japan) to count daily increments. Images of otoliths were taken by 
Olympus SC100 camera mounted on a light microscope and examined using ImageJ 
(version 1.50, National Institute of Health, USA) image analysis software. Increments were 
also counted directly using a microscope when increments were difficult to count using 
image analysis. F. nigripenne otolith microstructure profile is known to show three distinct 
patterns comprising, i) narrow light-coloured increments close to the nucleus that become 
wider and darker in the middle; ii) a conspicuous dark increment followed by, iii) narrower 
and lighter increments near the outer edge (Kohn and Clements 2011). The conspicuous 
dark increment that lies next to the intermediate increments is considered to be a 
settlement mark (Fig. 5.2.; Kohn and Clements 2011). Hatch, settlement date and PLD were 
back-calculated using the settlement mark as a reference from 47 otoliths (n = 23, 
Waikouaiti; n = 24, Tokomairiro). Each otolith was aged twice with two non-sequential 
randomized, independent reads by the same reader, and the coefficient of variation (CV) 
was calculated. As no sample ages exceeded 5% CV, all 47 samples were included in the 
results. 
Data for eight elements (Li, Na, Mg, Mn, P, K, Sr and Ba) were collected using an Agilent 
7900 ICP-MS coupled to ASI RESOlution M-50 laser ablation system powered by a Coherent 
193 nm ArF excimer laser. Laser was fired on ablation path drawn from the centre to the 
outer edge of the otolith with a spot size of 50 µm and scan speed of 5 µm sec-1. Laser 
repetition rate was set at 7 Hz and on sample fluence was 2.5 J cm2. Certified reference 
materials (NIST 610, NIST 612 and MACS-3) were run every 7-8 samples to allow correction 
for any instrument drift and bias. Each otolith was pre-ablated three times to avoid 











Fig. 5.2. Image of a polished F. nigripenne otolith. Grey arrow, wider growth increments 
before the settlement mark; Dark arrow, settlement mark; White arrow, narrower growth 












5.3.3. Data processing  
Data was processed using IOLITE software (version 3.6) run on Igor Pro 6.37 to convert the 
raw count rate data to element concentrations after normalization to Ca and calibration 
with NIST 610. Standard reference materials (NIST 612 and MACS-3) were used to confirm 
the linearity, accuracy and precision of the measurements (see appendix 3). The results for 
most elements are within < 3 % and < 10 % of published values of NIST 612 and MACS-3, 
respectively (Pearce et al. 1997; Jochum et al. 2012; USGS 2012). All the measurements 
were above the instrument limit of detection (see appendix 3).  
Comparison of mean element to Ca (Me:Ca) values before and after the settlement mark 
enabled comparison of larval and adult habitat signatures. However, the use of the 
settlement mark as a borderline between otolith chemical signatures from early and adult 
life stages can be obscured by the lag effect of elemental uptake in otoliths (see Elsdon and 
Gillanders 2005b). Hence, mean ± SD of Me:Ca from the first and last 50 µm of otolith 
transects were taken to approximate the values representing the pre- and post-settlement 
periods consistently. Data were smoothed using a three-point moving median.  
5.4. Results 
5.4.1. Otolith chemistry 
Overall, the otolith chemistry data of F. nigripenne showed a Sr:Ca and Ba:Ca profile 
without prominent peaks across the core to edge transect (Fig. 5.3 and 5.4). However, in 
some otoliths from the Waikouaiti Estuary, smaller Ba:Ca peaks covering short time periods 
were evident nearer the otolith edge (Fig. 5.3–a, d). In contrast, in some otoliths from the 
Tokomairiro Estuary the Sr:Ca and Ba:Ca ratios co-fluctuated along the transect (Fig. 5.4–
a, b, c, d and e). See appendix 4 for elemental profiles of the rest of the samples from both 
estuaries.  
Sr:Ca and Ba:Ca values from the outer edge region were consistently higher than the values 
from the core region of otoliths from both estuaries. The pre-settlement period Sr:Ca ratios 






Fig. 5.3. Representative plots of otolith Sr:Ca and Ba:Ca profiles of F. nigripenne sampled 








Estuary (Fig. 5.5–a), whereas the post–settlement Sr:Ca values were between 2.9 mmol 
mol-1 to 4.7 mmol mol-1 (Fig. 5.5–a). Ranges of pre-settlement and post-settlement Ba:Ca 
were between 0.3 µmol mol-1 to 1.5 µmol mol-1 and between 0.5 µmol mol-1 to 4.7 µmol 
mol-1, respectively for samples collected from the Waikouaiti Estuary (Fig. 5.5–b). Similarly, 
the pre-settlement and post-settlement Sr:Ca values of fish sampled from the Tokomairiro 
Estuary varied between 2.4 mmol mol-1 to 3.6 mmol mol-1 and 2.9 mmol mol-1 to 4.6 mmol 
mol-1, respectively (Fig. 5.5–a). Ba:Ca ranged from 0.3 µmol mol-1 to 2.1 µmol mol-1 (pre-
settlement) and from 0.8 µmol mol-1 to 2.1 µmol mol-1 (post-settlement) for samples 
collected from the Tokomairiro Estuary (Fig. 5.5–b).   
5.4.2. Hatch and Settlement months  
The mean ± SD PLD of F. nigripenne was 48.6 ± 11 and 40 ± 6.8 days for fish collected 
from Waikouaiti and Tokomairiro estuaries, respectively (Fig. 5.6–a). Most fish from the 
Waikouaiti settled in their permanent habitats in June and July (Fig. 5.6–b), whereas the 
settlement months for most samples from the Tokomairiro Estuary were September and 
October. Hatch periods of fish from the Waikouaiti Estuary were evenly distributed across 
April to June (Fig. 5.6–c). In Tokomairiro Estuary, most fish hatched in July and August. 
The estimated total age was 97.4 ± 22.9 (mean ± S.D) and 98.7 ± 31.8 (mean ± S.D) days 















Fig. 5.4. Representative plots of otolith Sr:Ca and Ba:Ca profiles of F. nigripenne sampled 








The findings of the present study showed that the changes in magnitudes of otolith Me:Ca 
across transects of F. nigripenne otoliths were not substantial enough to suggest 
movement across waters of markedly different Sr:Ca and Ba:Ca values. The most plausible 
explanation for this steady otolith elemental profile between different life stages is 
continuous estuarine residency. Otolith elemental profile of juveniles reared in water 
spiked with different Sr and Ba concentrations caused significant differences in otolith 
Sr:Ca and Ba:Ca values (Chapter 4; Taddese et al. 2019). Therefore, given that otolith 
elemental uptake in F. nigripenne is directly related to the concentrations in the ambient 
water, the general otolith Me:Ca profile observed suggests the possibility of continuous 
estuarine-resident life history. So, this could suggest that F. nigripenne is an estuarine 
specialist species, and perhaps the only known species with such a life history strategy in 
southern New Zealand. However, given the limitation of otolith microchemistry, it is 
difficult to rule out the possibility of some movement between estuaries and the nearshore 
areas, where relatively high Sr:Ca and low Ba:Ca ratios can be observed (Campana 1999; 
Elsdon et al. 2008).  
A steady Sr:Ca ratio and minor Ba:Ca peaks were observed in samples from the Waikouaiti 
Estuary. The minor Ba:Ca peaks observed in Waikouaiti samples are presumably the result 
of Ba concentration variability in the ambient estuarine water, most likely associated with 
periodic increased freshwater inflow. Temporal Ba:Ca variations correlated to freshwater 
flow were reported for juvenile spotted seatrout otoliths in Chesapeake Bay (Dorval et al. 
2005b). Furthermore, the steady Sr:Ca profile with small Ba:Ca peaks could indicate 
continuance of saltwater inputs with relatively constant Sr composition in this very open 







Fig. 5.5. Pre-settlement and post-settlement mean ± SD values of otolith Sr:Ca (a) and Ba:Ca 







A co-fluctuating pattern of Sr:Ca and Ba:Ca was seen in fish from the Tokomairiro Estuary. 
This could reflect short-lived movements between different sections of the estuary. Small-
scale within estuary variations in water trace element concentration can occur (Dorval et 
al. 2005a; Williams et al. 2018) and influence otolith composition (Gillanders and Kingsford 
2000; Gillanders 2002b; Gillanders 2002a; Sanchez-Jerez et al. 2002; Dorval et al. 2007). I 
presume that, given the facilitation of Ba incorporation by Sr in F. nigripenne otoliths 
(Chapter 4; Taddese et al. 2019), the somewhat co-variability of Sr:Ca with Ba:Ca observed 
in the present study could particularly suggest movements encompassing brief periods 
within the estuary from/to the section where Sr is possibly higher (i.e., the lower 
reach/nearshore area).  
Slightly higher Me:Ca ratios on the part of otoliths representing the time of catch were 
observed in this study. Contrastingly, the portion of the otoliths close to the core showed 
relatively lower Me:Ca values. This could hint that F. nigripenne probably spends its larval 
life in relatively deeper water columns of middle sections of estuaries where the Sr 
concentration is relatively lower. An alternative explanation for this pattern could be 
ontogenetic changes related to dietary shifts between different life stages (Buckel et al. 
2004; Engstedt et al. 2012). However, diet is known to have minimal influence on otolith 
chemistry (Milton and Chenery 2001; Walther and Thorrold 2006).  
Other life history parameters inferred from otolith microstructure (i.e., time of hatch and 
settlement month) were indicative of continuous recruitment of juveniles within estuaries 
and an extended spawning period in adults. This pattern aligns well with the consistent 
presence of transparent juveniles with fully developed fins at the middle section of the 
Waikouaiti (Chapter 3) and other estuaries (Jellyman et al. 1997; Sutherland and Closs 
2001) between January and June. Fish sampling time difference between the Waikouaiti 
and Tokomairiro estuaries caused slight variation in settlement and hatch months among 
samples from both sites. Fish were collected in August and November from the Waikouaiti 
and Tokomairiro estuaries, respectively. This was reflected in settlement months whereby 








Fig. 5.6. Settlement age in days (a), month of settlement (b) and hatch month (c) were 
inferred from otolith microstructural analysis for F. nigripenne sampled from the 











the Tokomairiro Estuary settled in September and October. The average PLD observed in 
this study (44.06 ± 9.9 days, mean ± SD) was also slightly lower than the previously reported 
PLD in the North Island, New Zealand (69 days, Kohn and Clements 2011). Given the 
association of cold temperature with longer larval life (Green and Fisher 2004), PLD was 
expected to be longer in the South Island where temperature is relatively lower. Therefore, 
the lower PLD of F. nigripenne observed in the present study could be a result of other 
biotic and abiotic factors (e.g., food availability) that affect larval traits. It is known that 
higher food abundance can increase in larval growth rate (Claramunt and Wahl 2000). It is 
likely that larvae that grow faster will be able to settle in the adult habitat relatively faster 
than those which grow slowly.  
The present study is the first to demonstrate the life history of an estuarine specialist 
species in southern New Zealand estuaries using otolith chemical analysis. The results of 
this study highlight the valuable functions estuaries play in supporting the life history of an 
endemic fish species. The interpretations of otolith Me:Ca patterns in this study were 
based on a previous laboratory experiment conducted to validate the relationship between 
ambient water and otolith chemistry of the study species (Chapter 4; Taddese et al. 2019). 
Despite the complex feature of estuarine physicochemical conditions, the findings of the 
present study affirm that it is possible to reconstruct the life history an estuary-dependent 
fish species using otolith trace element analysis technique. Relating a time-series estuarine 
water Me:Ca data to otolith values in future studies will further help in understanding the 





Chapter 6. General discussion 
6.1. Summary of major findings 
This thesis is a compilation of four related studies that aim to understand the ways in which 
fish use estuaries along the Otago coastline. Fish assemblage structures were compared 
between ICOLLs and permanently open systems across seasons to assess the role of 
estuary-ocean connectivity in influencing estuarine fish communities. Physicochemical 
variables that play key roles in determining estuarine ichthyofaunal assemblages were also 
identified. Intra-estuarine spatiotemporal fish distribution and occurrence were 
investigated through intensive sampling of a permanently open estuary. Factors that 
explain the within-estuary fish assemblage structure were identified. Otolith 
microchemistry was employed in order to study fish habitat use patterns. A fish species 
that was consistently present in permanently open estuaries in large numbers at different 
life stages was chosen for otolith microchemistry study as it is cost-prohibitive to use the 
technique to elucidate the life history of multiple species. However, estuarine use 
functional group of other fish species was inferred broadly based on their spatiotemporal 
occurrence and distribution in estuaries using the characteristic features of groups 
described by Elliott et al. (2007).  
Marked differences in salinity were observed between ICOLLs and permanently open 
estuaries (Chapter 2; Taddese et al. 2018). Although most of the ICOLLs were connected to 
the marine environment during the study period, through their shallow and constricted 
mouths, the magnitude of connection was limited. Consequently, ICOLLs exhibited lower 
salinities than permanently open systems. Several factors influence salinity in estuaries, 
however, given the close geographical proximity among some of the ICOLLs and 
permanently open systems sampled in this study, the effect of rainfall on salinity 
differences between these estuaries is likely limited. Low salinity conditions are common 
features of estuaries with periodic connections to the ocean in Australia, South Africa and 
New Zealand (Pollard 1994b; Lill et al. 2013). Contrastingly, salinities of permanently open 
estuaries are higher than ICOLLs due to the uninterrupted estuary-ocean connection 





These differences in salinity, together with seasonal temperature variations, influenced the 
fish assemblage structures of estuaries (Chapter 2; Taddese et al. 2018). G. cotidianus, a 
commonly occurring diadromous species capable of completing its life cycle within 
estuaries when there is no access to the marine environment (Closs et al. 2003; McDowall 
2010a), dominated ICOLLs due to the low salinity conditions (Fig. 6.1). On the other hand, 
the occurrence of marine-migrants and marine-stragglers were greater in permanently 
open systems (Fig. 6.2). The continuous estuary-ocean connectivity and increased salinities 
in permanently open estuaries created conducive conditions for fish species originating in 
the marine environment. Similarly, the effect of estuary-ocean connectivity on fish 
assemblages whereby species with a marine affinity dominate permanently open systems 
were reported in South African and Australian estuaries (Bennett 1989; Pollard 1994a). 
 
Fig. 6.1. Diagram showing dominant estuarine use functional group in ICOLLs along the 
Otago coastline. The fish species that dominated ICOLLs along the Otago coastline (i.e., G. 
cotidianus) is predominantly diadromous, but with the potential to form landlocked 
populations where there is no estuary-ocean connectivity.  See Fig. 1.2 for salinity ranges. 






Compared to the permanently open systems, the fish abundance was higher in ICOLLs 
regardless of season. Likely, the higher primary productivity in ICOLLs (Lill et al. 2013) might 
have contributed to the higher number of individuals observed in these systems. The 
absence of predation due to the restricted estuary-connectivity could also be an alternative 
explanation for the higher fish abundance recorded in ICOLLs. In addition, the number of 
species was lower, despite not being statistically significant, in ICOLLs than permanently 
open estuaries. Species richness is known to be higher in permanently open estuaries than  
in ICOLLs (Pollard 1994a). Overall, fish abundance was greater during summer in both 
estuary types. Seasonality of fish reproduction might have contributed to higher 
abundances in summer (Potter et al. 1997). 
Intra-estuarine environmental heterogeneity was observed as the result of the continuous 
mixing of freshwater and saltwater in the permanently open estuary (i.e., the Waikouaiti 
Estuary) sampled intensively in this study (Chapter 3). Lower salinity values were recorded 
in the upper reach than the middle and lower sections of the estuary. On the other hand, 
the middle section was more turbid than the rest of the estuary. Although the monthly 
rainfall variation in Otago is minimal, low salinities and high turbidity were recorded during 
measurements conducted following rain events. Temporal temperature variations with 
low and high values in winter and summer, respectively were observed in all reaches. 
Similar within estuary environmental heterogeneity as a result of continuous mixing of 
freshwater and seawater have been reported in estuaries elsewhere (Martino and Able 
2003; Akin et al. 2005). 
Variation in fish abundance and species richness were observed among different reaches 
of the Waikouaiti Estuary. The turbid middle reach contributed 81.90% of the total catch 
from the Waikouaiti Estuary (Chapter 3). Fish abundance was lower in the lower reach close 
to the estuary mouth. However, higher species richness was recorded in the lower reach 
whereby 12 species with different life histories occurred. Large numbers of individuals 
often occupy muddy parts of estuaries due increased food abundance in these sections 
(Blaber et al. 1983; Blaber 2008). Similarly, Nicolas et al. (2010b) reported maximum 





other studies (Whitfield and Kok 1992; Akin et al. 2005), fish abundance and richness were 
higher in the warmer months in the Waikouaiti Estuary. Overall, the total catch from the 
estuary was dominated by a single species (F. nigripenne, 58.9%), the majority of which 
occurred in the middle reach.  
The distribution and occurrence of estuarine use fish functional groups within the 
Waikouaiti Estuary showed spatial differences (Fig. 6.2). The physicochemical conditions of 
the lower reach, as well as its close proximity to the marine environment, favoured the 
frequent occurrence of marine-stragglers. The distribution of marine-migrants stretched 
from the lower to middle reaches of the Waikouaiti Estuary. Diadromous species 
dominated the low salinity upper section. The catch from the turbid middle reach included 
diadromous and few marine-stragglers. However, 70% of the catch from the middle reach 
was comprised of a single species, F. nigripenne. This species occurred at different life 
stages in the middle reach in large numbers. Fish species with marine affinity often 
dominate lower reaches of estuaries where salinity is higher (Akin et al. 2005).  
 
Fig. 6.2. Diagram showing the dominant estuarine use functional groups along the 






As seen in Chapter 2, F. nigripenne was absent in ICOLLs (except Kaikorai Lagoon) but 
occurred consistently in permanently open estuaries other than Blueskin Bay. The set of 
physicochemical conditions (e.g., very low salinity) in ICOLLs, created due to limited 
connection with the marine environment, might have contributed to the absence of F. 
nigripenne in these systems. Alternately, if F. nigripenne has an obligate marine stage early 
in its larval ontogeny, then its absence from ICOLLS may be explained by a lack of marine 
connectivity at critical life history stages. In contrast, environmental heterogeneity as the 
result of continuous mixing of freshwater and saltwater might have contributed to the 
increased occurrence of F. nigripenne in permanently open estuaries. Furthermore, 
previous studies on the Kakanui and Taieri estuaries suggested recruitment of postlarvae 
of F. nigripenne from the marine environment (Jellyman et al. 1997; Sutherland and Closs 
2001). Hence, F. nigripenne was considered as an estuarine-migrant, an estuarine species 
with marine larval phase (Whitfield 1999; Elliott et al. 2007), at the early stages of this study 
(see Chapters 2 and 3). However, the presence of F. nigripenne in large numbers at 
different life stages throughout the year in the middle section of the Waikouaiti Estuary led 
me to question the assumption that this species is estuarine-migrant. Thus, otolith 
microchemistry was used to assess whether the larvae of F. nigripenne undertake seaward 
migration to complete their life cycle or rear within the estuary. 
It cannot be assumed that there exists a consistent and predictable relationship between 
ambient water chemistry and otolith composition for all species (Gillanders and Kingsford 
2003; Zimmerman 2005; Sturrock et al. 2015). Therefore, a laboratory experiment was 
conducted to understand the extent to which the chemistry of the ambient water affects 
the otolith elemental profile of F. nigripenne so that otolith trace element analysis can be 
employed to investigate the way in which this species uses estuaries. Hence, juveniles of F. 
nigripenne were reared in waters of different salinities and Sr as well as Ba concentrations 
for a period of six weeks (Chapter 4). At the end of the experiment, otoliths were analysed 
using LA-ICP-MS to assess the nature of relationship between chemical compositions of the 
rearing water and otoliths. The results indicated that the chemistry of F. nigripenne otoliths 





Otoliths of wild-caught F. nigripenne collected from two permanently open estuaries (i.e., 
Waikouaiti and Tokomairiro) were analysed following the laboratory validation experiment 
(Chapter 5). Samples from the Tokomairiro Estuary were included in the analysis to see if 
site level differences exist. Steady Sr:Ca and Ba:Ca profiles were observed in F. nigripenne 
otoliths sampled from both estuaries. Assessment of elemental signatures of parts of the 
otoliths representing the larval stage were not indicative of a marine larval phase. There 
were no prominent peaks of Ba:Ca and Sr:Ca that would suggest movement between the 
freshwater and marine environments, respectively. Nevertheless, subtle fluctuations of 
elemental profile indicative of within estuary movement or water chemistry variation were 
observed. Overall, the results of the otolith microchemistry analysis suggested that F. 
nigripenne is an estuarine-resident species, representing an estuarine use functional group 
capable of completing its entire life cycle within estuaries. 
Therefore, F. nigripenne is one of the relatively small number of truly estuarine-resident 
species that are adapted to the constantly changing conditions that occur in estuaries. The 
complex and frequently changing physicochemical conditions in estuaries cause 
osmoregulatory challenges (Marshall 2012). As the result, only few taxa are adapted to the 
estuarine conditions to complete their entire life cycle within estuaries (Whitfield 1994). 
Thus, fish species with marine affinity often dominate estuarine-residents in terms of 
diversity in estuarine fish assemblages (e.g., Potter et al. 1997). Contrastingly, the number 
of individuals per species is usually greater for estuarine-residents despite their poor 
representation in estuarine ichthyofaunal diversity. The proportions of freshwater fish 
species in estuaries is also low due to similar osmoregulatory reasons (Whitfield 2015). 
However, regional differences exist in terms of proportion of estuarine-resident species 
among all estuarine use functional groups (Pihl et al. 2002; Nicolas et al. 2010b). For 
instance, the proportion of estuarine-resident functional group is relatively higher in 
estuaries along the Portuguese coast (França et al. 2011). The overall poor representation 
of fish species with marine affinity in estuaries along the Otago coastline could be due to 
the fact that most of these systems are relatively smaller in size and do not provide 





6.2. Future directions  
This thesis answered some of the major questions regarding the estuarine ichthyofauna of 
Otago, New Zealand by describing distribution, occurrence and movement of fish. 
Physicochemical variables that influence the distribution, occurrence and movement of 
fish were identified. Otolith microchemistry was used to describe life history of an endemic 
fish species that commonly occurs in estuaries. Estuarine use functional groups were 
determined from the spatiotemporal occurrence of fish between and within estuaries. 
However, only one type of gear (i.e., seine net) was used to sample fish in estuaries in order 
to accommodate multiple sites at a broader spatial scale. Similarly, discrete point 
measurements of physicochemical variables were conducted, instead of continuous time-
series recordings. Moreover, the ways in which fish use estuaries was explored through 
otolith microchemistry on only one fish species due to logistic reasons.  
Further detailed research on fish assemblage structures of estuaries in New Zealand is 
necessary to clearly understand and effectively manage these complex ecosystems. Studies 
using multiple types of gears in combination with emerging techniques such as underwater 
video monitoring (Becker et al. 2010; Sheaves et al. 2016) will be of great importance in 
future studies to clarify estuarine utilization by fish. The use of data-loggers that are 
capable of recording physicochemical variables over short time intervals is necessary to 
fully capture changes in estuarine environments. Future ichthyoplankton studies that focus 
on the early life history of fish that commonly occur in estuaries will provide vital 
information on specific nursery habitats that require due attention. As shown in Chapters 
4 and 5, otolith microchemistry has considerable potential to advance understanding of 
the use of estuaries by fish. Therefore, the technique can be employed to assess estuarine 
use of a range of fish that occur in estuaries provided that the extent to which ambient 
water chemistry influences otolith compositions is understood through a laboratory 
experiment.  
The structural connectivity in permanently open estuaries could promote dispersal 
potential of individuals to different habitats (see Childs et al. 2015). The scale of fish 





could be limited because of the periodic interruption of estuary-ocean connection. 
Contrastingly, connectivity of fish populations could be higher between permanently open 
systems and the adjacent marine habitats and/or other estuaries. Hence, assessment of 
fish population connectivity between different habitats along the freshwater-estuarine-
marine continuum through genetic studies would be of paramount importance in 
understanding the role of estuaries in terms of supporting fish life histories. In addition, 
the ways in which fish use estuaries can also be assessed by exploring nutritional sources 
of fish through tissue stable isotope approach (Melville and Connolly 2003).    
6.3. Broader management implications 
The findings of the present study indicated that estuary-ocean connectivity plays a key role 
in structuring the fish communities of estuaries along the Otago coastline (Chapters 2 and 
3). Estuarine physicochemical conditions are driven by the connection status of the estuary 
to the marine environment (Pollard 1994b). Physicochemical variables, in turn, affect fish 
assemblage structures of estuaries (Whitfield 1980a; Harrison and Whitfield 2006b). Thus, 
local and/or catchment level activities that interrupt the biological and biophysical 
connectivity on the freshwater-estuarine-marine continuum, such as, water abstraction, 
habitat modification and land reclamation will affect the normal functioning of estuaries 
by inducing physicochemical changes, with the potential for adverse impacts on natural 
communities. Furthermore, these anthropogenic activities exacerbate the large scale and 
complex impacts of climate change on coastal ecosystems (Hoegh-Guldberg and Bruno 
2010). 
Therefore, the inter- and intra-estuarine distribution of fish species observed in the present 
study may change as the result of shifts in opening/closing regimes of estuaries due to 
anthropogenic activities. For instance, reduction of freshwater flow because of agricultural 
activities may cause interruption of estuary-ocean connectivity in permanently open 
estuaries that are prone to mouth closure. This, in turn, will result in a decrease in fish 
diversity as the result of loss of habitat heterogeneity driven by discontinuance of mixing 
of freshwater and saltwater (see Chapters 2 and 3). Estuarine habitat heterogeneity is 





fish species with marine affinity will cease due to mouth closure. Fish species that were 
observed to use estuaries in this study as a temporary (e.g., yellow-eye mullet, Elliott et al. 
2007) and permanent habitat (e.g., F. nigripenne, Chapter 5) will be affected severely 
because of the habitat loss induced by changes in estuary-ocean connectivity. Shifts in 
opening/closing regimes in permanently open estuaries will also affect the unique 
amphidromous fish fauna of New Zealand that move between the freshwater and marine 
environments to complete their life cycle. Reduction in freshwater flow could also lead to 
prolonged mouth closure in ICOLLs and result in loss of habitat for the species that 
dominate these systems (i.e., G. cotidianus, Chapter 2). 
The potential for estuaries sampled in this study to be impacted by climate change as well 
as other anthropogenic activities is high and potentially severe (Nicolas et al. 2010a; 
Jenkins et al. 2011; Kettles and Bell 2013). The synergistic impact of local and global 
changes on the freshwater-estuarine-marine continuum highlights the need for an inter-
realm ecosystem management plan. The characteristic feature of effective ecosystem 
management plans is to maintain natural hydrological processes, nutrient cycles and 
disturbance regimes (Grumbine 1994). However, this goal can only be achieved when 
ecosystem management plans take into account the connectivity of ecosystems. For 
instance, prioritizing management for interconnected realms independently leads to 
undesirable outcomes as such ecosystems do not function separately (Beger et al. 2010; 
Álvarez-Romero et al. 2015). Thus, the policies and regulations that decision makers put in 
place to manage freshwater and coastal systems must include estuaries as well. Integrating 
the ecological and biophysical connectivity between ecosystems helps to efficiently utilize 
the limited resources often allotted for management actions.  
The marked difference in fish composition between ICOLLs and systems with permanent 
connection with the marine environment observed in this study highlighted the important 
role of the mouth condition and open/closed status of estuaries in structuring biological 
communities (Chapters 2 and 3). Previous research on estuaries along the Otago coastline 
also suggested that altering the estuarine opening/closing regimes will have significant 





et al. 2011b). However, the results of these few studies are inadequate to suggest 
management options to decision makers. The New Zealand Coastal Policy Statement 
(NZCPS 2010) advocates for protection of the indigenous biodiversity through avoiding 
and/or mitigating adverse effects of activities on coastal environments, including estuaries. 
However, estuarine ecological research in New Zealand has been mostly limited to 
estuarine typology (Hume and Herdendorf 1988) and physicochemical studies 
(Schallenberg et al. 2010). Smaller riverine estuaries have also been generally neglected. 
The attention given to estuarine ichthyofaunal monitoring appears to be inadequate given 
the paucity of information regarding fish assemblage structure patterns compared to the 
number and diversity of estuaries around New Zealand.  
A study conducted three decades ago by Jellyman et al. (1997) and this thesis effectively 
demonstrated that it is possible to effectively assess fish communities in smaller riverine 
New Zealand estuaries. In addition, experience from Portugal and other European 
countries suggests that it is feasible to conduct a long-term monitoring of estuarine 
ichthyofauna (Potter et al. 2001; Leitão et al. 2007; Nicolas et al. 2010a; Nyitrai et al. 2012). 
Therefore, the lack of scientific information on estuarine ichthyofauna of New Zealand is, 
partly, an outcome the limited attention and resources that regional councils and research 
institutes (e.g., NIWA) have directed towards management and monitoring of estuaries, 
rather than logistic challenges. The inclusion of fish sampling to the routine estuarine 
ecosystem health assessment programmes in New Zealand will allow temporal 
comparisons of fish assemblages for management decisions in the future. Whilst fish can 
act as  effective biomonitoring indicator species for estuarine environments (see Whitfield 
2002), their use requires the establishment of long-term monitoring programmes that 
enable the detection of environmental baselines and trends.  
The results of this thesis can be used as a starting point for long-term estuarine 
ichthyofauna biomonitoring activities in Otago. Although the recommendation of 
management options to estuaries along the Otago coastline is hampered by lack of time-
series fish assemblage data that shows a trend, the possible influence of local stressors can 





assemblages (Chapters 2 and 3) and hyperbenthic invertebrate communities (Lill et al. 
2011a; Lill et al. 2011b) of estuaries along the Otago coastline. Maintenance of the current 
status quo will, at the very least, require that current opening/closing regimes in estuaries 
are maintained, and not degraded by water abstraction or siltation. For example, river flow 
regulation efforts that are currently under consideration by the Otago Regional Council will 
play a crucial role in maintaining natural flows in rivers and sustenance of natural 
opening/closing regimes in estuaries (ORC 2019).   
As indicated in Chapter 3, the different fish taxa utilize the Waikouaiti Estuary at different 
points of their life history. However, land reclamation and significant sedimentation are 
clearly causing fish habitat loss in this estuary (van Halderen et al. 2016; Stevens and 
Robertson 2017). This sedimentation has caused significant changes in the depth of the 
estuary over time, creating extensive mudflats at low tide and loss of depth in other areas. 
In other words, the heterogenous habitats in the estuary that support various fish species 
are degrading and will continue to degrade without effective management across the 
wider catchment. In the Waikouaiti, F. nigripenne is present across all life stages 
throughout the year and the presence of permanent deeper slow flowing pools is clearly 
crucial for their persistence. The degradation of such habitats clearly poses a particular 
threat for this species. Therefore, establishment of a management buffer zones and 
plantation of native aquatic vegetation around the estuary could be suggested as a 
mitigation measure for this specific estuarine system and other estuaries that are under 
the same pressure. Further upstream, inputs of sediment need to be identified and 
mitigated. This suggests that although the unique features of every estuary make it difficult 
to prescribe a single management action for all estuarine systems, similar mitigation 
measures can be suggested to estuaries that share common features and biota and face 
similar threats.   
My results showed that fish species with marine affinity are poorly represented in estuaries 
along the Otago coastline (Chapters 2 and 3). However, the occurrence and distribution of 
fish species with marine-migrant and marine-straggler (e.g., red cod) life histories may 





into the proposed network of Marine Protected Areas (MPA) establishments along the 
Otago coastline (SEMPF 2018). Similar coastal environment protection measures that cover 
a wider extent of the coast could enhance the overall low representation of marine-
migrants and marine-stragglers in estuaries along the coast of Otago.  
This study highlights the ways in which fish use estuaries along the Otago coastline, and 
identified some of the major factors affecting the estuarine fish assemblages in these 
systems. The inter- and intra-estuarine fish assemblage structure patterns presented in this 
thesis might reflect the impacts of stressors (both global and local) and effects of 
management actions that has been implemented so far. Likewise, deviations from the 
findings of the present study, in terms of distribution and occurrence of fish in estuaries, 
may indicate changes in the freshwater-estuarine-marine continuum because of stressors 
and/or management actions taken by decision makers. Central to integrated ecosystem 
management is availability of fundamental information regarding components of the 
estuarine ecosystem (Fidélis and Carvalho 2014). The distribution, occurrence and 
movement of fish in estuaries is one aspect of the key biological information required to 
develop ecosystem indicators, as well as enabling the development of targets in planning 
for effective management. Thus, establishing estuarine ecosystem health assessment 
programmes that encompass all physical, chemical and biological elements of New Zealand 
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Appendix 1. Physicochemical variables superimposed on non-metric multidimensional 
scaling (nMDS) plots of the biological data  
Appendix 1.1. Ordination by non-metric multidimensional scaling (nMDS) of samples based 
on Bray–Curtis similarities calculated from log(x+1) transformed biological data. Bubbles 
indicate salinity measurements superimposed on the nMDS plot. Symbols are labelled to 























Appendix 1.2. Ordination by non-metric multidimensional scaling (nMDS) of samples 
based on Bray–Curtis similarities calculated from log(x+1) transformed biological data. 
Bubbles indicate turbidity (NTU) measurements superimposed on the nMDS plot. 
Symbols are labelled to highlight differences among upper, middle and lower reaches of 






















Appendix 2. Summary of results of standard reference materials (SRM) and limit of 
detection of elements analysed during the experiment 
Appendix 2.1. Summary of results (µg g-1) of standard reference materials (SRM) and 
recommended values from literature for NIST SRM 610 (a), NIST SRM 612 (b) and MACS3 
(c). RSD, relative standard deviation  
(a) 
Element  NIST SRM 610 ± 2 SD 
(n=28) 
NIST SRM 610 ± 1 SD 
(recommended) 
RSD (%) 
Li 485.59 ± 17.78 484.6 ± 21.7 1.83 
Na 99448.21 ± 3532.18 99415 1.78 
Mg 465.10 ± 16.63 465.3 ± 26.6 1.79 
P 343.25 ± 15.11 342.5 ± 53.1 2.20 
K 486.25 ± 17.48 486.0 ± 45.7 1.80 
Mn 485.12 ± 14.93 433.3 ± 31.8 1.54 
Sr 515.56 ± 19.01 497.4 ± 18.3 1.84 
Ba 435.00 ± 14.41 424.1 ± 29.3 1.66 
 
(b) 
Element NIST SRM 612 ± 2 SD 
(n=27) 
NIST SRM 612 ± 1 SD 
(recommended) 
RSD (%) 
Li 41.28 ± 1.56 41.54 ± 2.87 1.89 
Na 100645.56 ± 3043.85 103858 1.51 
Mg 60.29 ± 2.07 77.4 ± 30.15 1.72 
P 27.00 ± 5.28 55.16 ± 22.71 9.78 
K 61.76 ± 2.23 66.3 ± 0.8 1.81 
Mn 40.74 ± 1.11 38.43 ± 0.99 1.36 
Sr 77.65 ± 2.51 76.15 ± 2.29 1.61 








Element MACS-3 ± 2 SD 
(n=27) 
MACS-3 ± 1 SD 
(recommended) 
RSD (%) 
Li 66.06 ± 5.58 62.2 ± 4.2 4.23 
Na 5967.04 ± 462.60 5900 ± 400 3.88 
Mg 1774.52 ± 146.64 1756 ± 136 4.13 
P 100.28 ± 10.86 104 ± 16 5.41 
K 6.59 ± 2.04 1.1 15.49 
Mn 575.34 ± 37.30 536 ± 28.0 3.24 
Sr 6730.37 ± 558.88 6760 ± 350 4.15 








Appendix 2.2.  Instrument detection limits (LOD) in µg g-1 and isotopes of elements 
analysed  
 
Element Isotope LOD 
Lithium 7Li  0.03  
Sodium 23Na  0.82  
Magnesium 24Mg  0.10  
Phosphorous 31P  3.64  
Potassium 39K  0.72  
Manganese 55Mn  0.11  
Strontium 88Sr  0.01 






















Appendix 3.  Plots of otolith Sr:Ca and Ba:Ca profiles 
Appendix 3.1. Plots of otolith Sr:Ca and Ba:Ca profiles of F. nigripenne sampled from the 













































































































































































































Appendix 4. Summary of results of standard reference materials (SRM) and limit of 
detection of elements analysed with the wild-caught otoliths 
Appendix 4.1. Summary of results (µg g-1) of standard reference materials (SRM) and 
recommended values from literature for NIST SRM 610 (a), NIST SRM 612 (b) and MACS3 
(c). RSD, relative standard deviation 
(a) 
Element  NIST SRM 610 ± 2 SD 
(n=8) 
NIST SRM 610 ± 1 SD 
(recommended) 
RSD (%) 
Li 485.23 ± 16.89 484.6 ± 21.7 1.74 
Na 99536.25 ± 3302.189 na 1.66 
Mg 464.99 ± 15.45 465.3 ± 26.6 1.66 
P 343.05 ± 13.36 342.5 ± 53.1 1.95 
K 485.88 ± 16.51 486.0 ± 45.7 1.7 
Mn 485.09 ± 13.34 433.3 ± 31.8 1.37 
Sr 515.51 ± 16.94 497.4 ± 18.3 1.64 




















Element NIST SRM 612 ± 2 SD 
(n=8) 
NIST SRM 612 ± 1 SD 
(recommended) 
RSD (%) 
Li 41.62 ± 1.44 41.54 ± 2.87 1.73 
Na 101180 ± 2980.46 na 1.47 
Mg 60.05 ± 1.89 77.4 ± 30.15 1.56 
P 29.65 ± 3.82 55.16 ± 22.71 6.45 
K 59.47 ± 2.00 na 1.69 
Mn 40.83 ± 1.05 38.43 ± 0.99 1.29 
Sr 78.15 ± 2.36 76.15 ± 2.29 1.51 








Element MACS-3 ± 2 SD 
(n=8) 
MACS-3 ± 1 SD 
(recommended) 
RSD (%) 
Li 64.49 ± 4.14 62.2 ± 4.2 3.21 
Na 5753.75 ± 318.20 na 2.76 
Mg 1786.5 ± 111.72 1756 ± 136 3.12 
P 95.38 ± 8.38 na 4.39 
K 7.66 ± 2.19 na 15.95 
Mn 541.91 ± 25.74 536 ± 28.0 2.37 
Sr 6388.75 ± 381.84 6760 ± 350 2.99 
Ba 53.76 ± 2.84 58.7 ± 2.0 2.64 
 
Appendix 4.2. Instrument detection limits (LOD) in µg g-1 and isotopes of elements 
analysed 
Element Isotope LOD 
Lithium 7Li 0.02 
Sodium 23Na 1.74 
Magnesium 24Mg 0.15 
Phosphorous 31P 2.63 
Potassium 39K 0.43 
Manganese 55Mn 0.08 
Strontium 88Sr 0.01 
Barium 138Ba 0.0002 
 
 
 
 
 
 
